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A DEDICATION 

to 

Sir Ernest Rutherford 

KNIGHT 

A FELLOW «/ tie ROYAL SOCIETY 
A MEMBER «/ lie PRINCIPALL LEARNED 
SOCIETIES ef tie OLD and ef tie NEW WORLD 
and NOBEL LAUREATE 

Sir, 

I fear that what I offer you here is but an indifferent 
Plant, though ’tk grown from your own Seed. Since I laboured 
in your Elahoratory, working small things while those Choice 
Philosophers Moseley (of whom we may say, as the illustrious 
Newton said of Cotes, that had he liTjed we had known 
something) and Bohr were performing great ones. War and 
the Penalties of Publick Employment have long kept me from 
attempting to add to Knowledge by such Natural Experiments 
as my slender Wit can devise. In Studying now at length to 
fit myself for a Venture 1 have gathered together much of 
what the Learned of our day harve discussed in the matter 
of that Microscosm, the Atom, within whose exiguous 
Bounds is Space and to ^are for Philosophical Speculations; 
and in the perhaps too Presumptuous Hope that what it 
has taught me much to coUeSl may help others as Ignorant as 
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Myself I have ordered my Cmdusions into the Volume which 
I now present to You. 

No Astronomer of these petty Suns and Planets has ^iven 
tis more and rarer News of tisem than Yourself xvho firSi 
taught the Virtuosi to see in the Atom a /Massy Nucleus 
controlling by elect rick 1 a ws his distant Servants the light- 
heeled liledlrons. You will find here, then, much that it a 
Pi&ure of your own 'Vhoughts; and as there it scarce a Alan 
whose Portrait it being limned but feels a Ih 'cly Curiosity to 
tee what the Artist, he he never so unskillful, hat made oj hit 
Task, so, I trust, you will look not without Inlercsi on muth 
that I have endetnw/red to portray oj tvhith you arc the 
Originall. And if at timet the Incompetence of my Penul 
shall snake you tmile, I hope you ivill neverthclew lonsnler 
that I have alwayt wrought a\ tvell at my Ability and 
Ibciguout iMture allow me. / fear that it will .irail me httle 
with many, in tint Censor unit .-Ige, to plead the Nirgeness of 
my Design as an Ibcciite for an impcrfeit lixemtion of its 
Particulars. But / have fretjuently obsetved that they ate 
most contentious who are lea It able to perform, while others, 
like yourself , whose iMrge Atihievements might well make them 
Scorners oj lesser Aien, look leniently upon those who undertake 
Small Things without Great Pretensions. 

I confess that 1 come to the Performance of this Work ivith 
much less Deliberation and Skill than the Weightiness of it 
requires, but Better Brains are busy about Grayer Matters than 
such a Surveyall as I here endeavour. That the Attempt is 
seasonable, I think you will allow: that it is incomplete 1 
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cheeffully acknowledge. I have not declared myself largely on 
such slippery Matters as the Euolution of our Great Universe 
from a Prime Substance, nor the Future of MechanicaS 
Power, for I am not one of those who would Mrive, as our 
French Cousins say, to break an Eel across his Knee. 1 
have gone softly, essaying rather to show what is certain, and 
what less certain, learving the Niceties of FantaStickall 
Speculation to those whose Pens are mo.re Copious than mine. 

Finally 1 bring you humbly this Book not so much in the , 
Belief that it is worthy your Acceptance, as in the Mope that 
its very Imperfedtions and Errours may prove of Service, by 
suggesting to your Perspicacious Judgement Means by which 
they may be amended, and Experiments to resolve what I 
have set down doubtfully. The Principles which you have 
already eSfablisht will remain to perpetuate your Name to 
Future Ages, and these I have endeavoured to elucidate to the 
Students in our great Science of Phy sicks. I have, however, 

small Doubt that you are so extending the Bounds of Natural 
Knowledge as to render what I have written Meagre and 
Incomplete even while 1 Subscribe Myself, 

Sir, 

Your most Humble Servant, 

EDWARD NEVILLE DA COSTA ANDRADE 

At the Artillery Colled ge at V/oolwkh, 

January, 192$ 




PREFACE TO FIRST EDITION 


In this book I have endeavoured to give, in a form sufficiently 
simple to make it accessible to all serious students of the exact 
sciences, a critical account of the work that has been done, in 
various fields, on the subject of atomic structure, and to state 
without ambiguity the present position, which does not, of 
course, imply that the present position is without ambiguity. 
It is part of the policy of the book to indicate the inadequacies 
as well as the triumphs of the prevailing theories, and this has 
often involved the discussion of particular problems towards the 
solution of which little has been done. While I have tried 
particularly to make a comprehensive survey I cannot pretend 
that I have included everything of importance that touches 
my theme. A great deal of selection has been necessary to keep 
the book within the limits of size judged advisable, and, in my 
choice, I have been guided by the wish to give a coherent and 
readable exposition rather than a series of abstracts of original 
papers. Some admirable pieces of work have been deliberately 
omitted as not falling into the scheme of the book, and it is 
probable that others have been passed over through inadver- 
tence. The papers cited at the end of each chapter form only 
a small portion of those which I have consulted, but at the same 
time those who know how much has been written on the 
subject during the past ten years will not censure me overmuch 
if I confess that I have found it impossible to read, even per- 
functorily, all that has appeared. 
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IMiKKACK TO KlItST KDITION 


A word of oxpliuuilion is lU'ivssiiiv fourcruiuj' rt'fi'r 

uncos apjx'udod to tlu* <',h;ij)(t‘rs. 'ritoy liavo Ix'on .mdoctctl 
with on(‘ ohji'ct only, that of fnahliiif,' tin* loudor to liiul with 
the least ])ossii)l(’ trouble further infoiinatiou on any point in 
which he may be partienlarly interestejl. in <'onset|uenee the 
list gives no in<lie.ation of priority ; tin* latest paper of a given 
author is quoted in pref<*renee to the «*ailiest, since it contains 
any hack refeienc»*s m'eded. Again, important p.ipers <Io not 
i’(!C(‘ive refeieiu'e if tlu’ wmk described luis been s»i|H*rse»ie(I, 
although they may h.iv<' iulluencetl subsequent u-sean ti. 
Besides the hitest papius and the jjeueral lel’en-uces I hav«- 
occaHionally (iuot<*d an old paper if it i*. fundami-utal for the 
subject, such as an e.uly iiapiT by Kulheifoul oi l.enaul. I he 
titles of the papeis havt! m ail cases been given, since they 
sometimes alloid a guuh' as to the <'onteuts. A comideb* 
bibliograjihy I'ould have been fuinished with veiv little addi 
tional trouble, but it would have .idtle<l vei\ ( onsuleiably to 
the bulk of the bo<ik, and ]>iobablv dimuush<-<l its value. Too 
inaiiy leleieiues are .is b.id .is none .it .ill 1 In* j'.eiieMl 
references and the p.ipeis luted will be tuiuul to liiimsh .1 
body of adililioual lefeieiici* siilticient to s.itislv the most .ivul 
readn. 

Wheie I have mtiodiiced m.itiieiii.ilu al < .ih ul.it ion . I h.ivi* 
tiicd to make, jx'ifectly cleai wh.it an* the plusic.il .issuiiiptioiis 
involved and what are llu> lesiilts obl.iined, so tb.it those 
unwilling, for one reason or anothei, to follow I la* .ictu.il woiking 
ni.ay omit to do so without lU'Cessarily losing sight of the nature 
of the arguiiient. I have frequently had in mind an aphorism 
of the late Lord Kelvin, who aumot be accusi'd of lack of 
nuderstanding of mathematical methods- ".Nothing can be 
more fatid to progre.s.s than a too cotilideiit ndiance on mat he- 
matical symbols ; for the .stmlunt is only too apt to take the 
easier course, and consider the fonnula, anti not the fact as the 
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physical reality.” In the case of complicated calculations 
whose execution involves no physical principle, but demands 
considerable technical mathematical skill, I have generally 
contented myself with quoting the result, especially when the 
fun calculation can easily be found in Sommerfeld's Atom^au 
or elsewhere. 

The book includes matter pubhshed up to March, 1923. 
Any account of a field of science so assiduously cultivated as 
this is bound, in a restricted sense, to become rapidly out of 
date, but if the account has been properly rendered the reader 
will have acquired sufficient familiarity with the fundamental 
questions involved and the methods of attacking them to be 
able to follow and appreciate the next developments. Most 
of the matter described here seems likely to retain for some 
time its validity as the foundation on which more elaborate 
structures may be built. 

It gives me pleasure to acknowledge my indebtedness to 
several gentlemen who have helped me in the production of 
this book. I have to thank Sir Ernest Rutherford for having 
looked over the manuscript of the first seven chapters, and for 
having, in particular, drawn my attention no less to certain 
details of scientific work than to a shrewd philosophic precept. 
My friend Dr. Ludwik Silberstein has read the manuscript of 
Chapters VIII. to XL, and I owe him my thanks for many 
illuminating suggestions. Professor T. M. Lowry has kindly 
read Chapter XI L, and made some remarks which have been very 
valuable to me. Mr. Wilfred Jevons, senior lecturer in Physics 
at the Artillery College, has not only placed his considerable 
knowledge of spectroscopy freely at my disposal, but has 
performed the arduous and unattractive task of reading through 
all the proofs with apparent cheerfulness, and to him, and to 
other colleagues at the Artillery College — Professor K. C. 
Browning, Mr. R. H. Wright and Mr. C. E. Wright— who have 
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always been ready to aid me I am deeply grateful. I offer my 
best thanks to the following gentlemen for having supplied me 
with the original photographs which have been xised in pre- 
paring the plates : M. le due do Broglie for the X-ray absorption 
spectra. Professor Paschen for the line structure of the helium 
lines, Professor Siegbahn for the X-ray emission spectra, and 
Mr, Blackett for the a-ray tracks. I have further to thank the 
Council of the Royal Society, the l^roprietors of the Philo- 
sophical Magazine, and the Proprietc^rs of the Physical Review 
for permission to use certain diagrams, atid Dr. V W. Aston 
and Messrs. Arnold jointly for permission to use the photographs 
reproduced m Plate II. 

Finally, it will very much facilitate my work, in the event 
of a second edition of this book ever being called for, if authors 
will kindly send me separate copies of any papers bearing on 
the subject which have appeared in the past or may appear m 
the future. I shall be sincerely grateful to those who do this, 
as also to any readers who will notify me of imslakcs which 
1 may have committed either by ignoiaiice or cai elessness, or 
by both. 

E. N. DA C. ANDRADE. 


ArIILLI.RY COLLl'GI', 

V/ooLWiCTi, April 1023, 



PREFACE TO THIRD EDITION 

Whereas the second edition differed from the first in a few 
inessential points only, for this the third edition the book has 
been completely rewritten. Not only have extensive additions 
been made in view of the researches of the past three years, 
but the original presentation of the earlier work has been in 
many places drastically revised, in the hope of mak ing the 
implications clearer and the treatment more consistent. 
Further, the scope of the book has been increased by the 
discussion of certain aspects of the subject treated very in- 
adequately, or not at all, in the earlier editions. I may instance 
the account of the experimental work on critical potentials, 
of Saha’s theory of ionisation, and of Bom and Land 6 ’s work 
on the elasticity of solids. I have been largely guided as to 
what to discuss and what to omit by considering whether a 
concise account of the matter in question is already available 
to English readers. Thus I have included the topics just 
mentioned, but have said nothing of the experimental deter- 
mination of X-ray wave lengths, which has been so adequately 
discussed by other writers. 

In endeavouring to avoid an undue extension of the book I 
have neglected a variety of interesting subjects, and in par- 
ticular I may have laid myself open to reproach by sa3nng 
nothing of band spectra. My excuse is that the book is 
primarily intended to deal with the atom, and that the valuable 
work on band spectra has not so far 3delded any precise informa- 

xiii 
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tion as to atomic structure or, in particular, as to tlic method 
by which atoms combine. When tlxe subject has developed a 
little further it is possible that Dr. Jovons and I may essay 
to give a short account of it, as, in .some .sense, a supiileineut 
to tills book. 

ITic correspondence jirinciple has been treated at mucli 
greater lengtli than liefore, and illustrated by dtitailetl exainplo.s, 
and something has been said of the iirineijde of adiabatic 
invariance. 'Hie whole theory of line spectra has been dis- 
cussed in very mudi greater detail, and the. dc'scxiplion of the 
periodic table in terms of orbits, which had only just been 
initiated by Bohr when tlic fust edition ajipisired, hius been 
much extended Chapters whicli are entirely new are those 
dealing with Multiplets and Anomalous Zeeman ICflect, and 
witli Quantum Theoiy and Wave Theory. 'Fhe discovery of 
the ('.ompton ellcct rendered a cliaptei on the lines of tlie latter 
neccs.sary, while the work embodied in the former has mostly 
been carried out in the piust three years. In ti eating the 
general problems of multijilet lines, theories havi' beini dis- 
cussed whicli are plainly of a piovisional natme Here, a.s 
elsewhere, it lias been my particular endcavoni to .set out 
clearly the experimental results, so that the reader may gather 
what regularities have been actually e.stalih.slied, indepen- 
dently of any attempted explanation. If tins jiohey has been 
adequately pursued the book may retain some value even 
when theories exposed in it have been siipeiseded. 

The new quantum mechanics of Hi'lsenberg, Born, Jordan, 
and Dirac, and of Schrodingcr has been mentioned in tlic last 
chapter, but not discussed in the body of the book. The 
papers dealmg with the new meclianics in its dilTercnt aspects 
were appearing when the account of the problems to which 
they apply was substantially completed. Tlie be.st plan 
therefore appeared to be to bring the account of the quantum 
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theory of spectra down to the point attainable without invoking 
the newest theories, exposing the difl&culties and systemizing 
them as. far as possible, so that the reader might have before 
him the problems which have shown the inadequacies of the 
older quantum mechanics. Some such treatment is needed 
to pave the way for the novel ideas. No doubt it will shortly 
be — may even be now — ^posable to rewrite Chapter XV. com- 
pletely in terms of the new mechanics and the spinning electron, 
in such a way that many of the dilemmas do not arise. The 
book has, however, already been so long delayed that it was 
not judged advisable to hold it up still further, especially as 
the new ideas have not yet so far crystallised as to render this 
task a short one. 

It is clear that, since the work has inevitably occupied all 
my leisure time for two years, all parts of it cannot claim to 
be equally representative of the latest researches. Any 
attempt to bring the whole treatment up to date would have 
entailed repeated rewriting of the chapters first completed, 
and no final form would ever have been reached. Certain 
papers which appeared as late as the autumn of 1926 have 
received consideration in the later parts of the book. 

I owe especial thanks to two gentlemen for help in preparing 
the new edition. My kindly critic Mr. R. H. Fowler, of Trinity 
College, Cambridge, has on several occasions placed his exten- 
sive knowledge of modern spectral theory at my. disposal, and 
I am particularly indebted to him in respect of Chapter XV. 
He read the proofs of this chapter, and made many valuable 
suggestions : the imperfections of the chapter, of which I am 
keenly conscious, I must claim as my own. Dr. Wilfred 
Jevons, senior lecturer in Physics at the Artillery College, 
has read with meticulous care the whole of the proofs, both in 
the slip and in the page state, and has frequently saved me from 
obscurity and error. Other colleagues at the Artillery College 
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to whom I offer my best thanks for assistance rendered are 
Professor H. C. Plummer, Mr. C, E. Wright, who has read 
through the page proofs, and Mr. J. W. Farmery. I am 
indebted to Professor W. Wilson, of Bedford College, Dr. L. 
Silberstein, Dr. C. D. Ellis, and Professor 1 £. V. Appleton for 
friendly coxinsel. 

I have to thank Dr. Blackett, Professor C»erlach and Dr. 
Foote for original photographs from which plates have been 
reproduced : the Council of the Royal Society and Professor 
C. T. R. Wilson for permission to use Plate III. * Messrs. 
Hirzel and Professor Stark for permission to use the i^hoto- 
graph of the Stark effect in Plate V. . Messrs. Springer and Dr, 
Back for the anomalous Zeeman resolutions in Plate VII. ’ 
Messrs. Gyldendal and Drs. Kramers and Holst for the folding 
plate at the end of the volume * the Proprietors of the Philo- 
sophical Magazine for Fig. 25 I have used the library of 
the Royal Institution extensively for reference to journals, 
and it would be ungracious not to acknowledge the courteous 
services of tlic start, and especially of Mr Cory, the* librarian. 

Finally, I feel that I must express my thanks for the very 
friendly and encouraging reception accorded to the book as it 
originally appeared, and my hopes that it may in its present 
form prove of service to students of our lofty subject of 
atomic physics. 

E. N. DA C. ANDRADE. 


Artillery College, 

Woolwich, October 1926. 
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CHAPTER I 


HISTORICAL AND GENERAL 

Introductory* The triumph of the atomic hypothesis is the 
epitome of modem physics. Since the time of Democritus the 
discontinuous, or granular, structure of matter has been 
eloquently argued by learned speculators like Gassendi, and, 
later, by experimental philosophers like Dalton, but it is only 
in our time that the existence of atoms and molecules has, 
from the point of view of the physicist, been placed beyond 
doubt. The last quarter of a century or so has also seen the 
definite estabhshment of the atom of electricity, the electron, 
and the wide acceptance of the enigmatic atom, or quantum, 
of radiant energy. Matter, electricity, and radiant energy are, 
then, not continuous in structure, but made up of discrete 
units Whereas, however, the two latter are considered to 
possess the attribute of old assigned to the atom of matter, 
namely, indivisibility, the atom of matter itself is no longer an 
unbreakable entity. We believe that it has a stracture, and 
in this structure the electron and the quantum of radiant 
energy play essential parts 

The first speculations as to the stmcture of the atom are due 
to the English chemist Prout (1785-1850). The hypothesis 
known by his name laid down that the atoms of aU elements 
are built up of hydrogen atoms, and at the time when it was 
put forward it had a considerable measure of support, largely 
due, no doubt, to an inherent desire among scientists for 
simplicity. Prout's hypothesis gratified the wish for one 
fundamental substance expressed in the TTpooi-fj v\tj of the 
ancients and the materia prtma of the alchemists He based 
his speculations on the then possible belief that the atomic 
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weights of all elements were simple mxiltiples of that of 
hydrogen, and when later it was objeeted that the atomic 
weight of chlorine, for instance, was 35-5, the supporters of the 
hypothesis took as their fnndanienial mait a sxibstancc of half 
tlie weight of the hydrogen atom. Later determinations forced 
them to rednee the weight of tluar nnit, until the work of Stas 
finally drove the, supporters of the hypothesis to the fantastic 
sliifts which immediately prexu'de the death of a theory. 
Prout’s hypothesis scrvi'd a xuseful pur[)oso, howevcir : firstly, 
in stimulating speadation as to a possible sub-stnxeture of tJic 
atom, and secondly, in promoting the exact stiwly of atomic 
weights. 

It is interesting to note that, in a modified form, Prout’s 
hypotliesis has now returned. Tlie nuclear atom, m whicli the 
mass IS supposed be concentrated m a comparatively small 
nucleus, surrounded by a cloud of electrons, is now occupying 
the attention of physicists and chemists It is believed 
that this nucleus is built up of positively charged hydrogen 
nuclei, the so-called protons, while the other constituent of tlie 
hydrogen atom, the electron, is the only othei irreducible 
entity entering into the stnuduie of even the most complex 
nucleus. Old objeclious basiKl on llx* fact that atomic weights 
are not expiessilile in wliole niunlx'is, if oxygcii be taken as 16, 
are set aside by the recent work of Aston and otlii'rs on isotopes, 
which allows us to ascribe the fractional part of the atomic 
weight to the fact that the elenienis jiossessing such a weight 
are really luixtuies of isotopes of chllercnt whole-number 
atomic weights. Ho the old theoiy icappears in a loim more 
suited to the needs of to-day. Similaily, m the quantum theoiy 
the old corpuscular theory of light taki's on a new garb and 
light is diown to exert a pressure and to have wi'ight Certain 
conceptions seem to have an innate attract iveiu'ss for the 
scientific mind, and just as the constitution of our bodices will 
probably always dictate certain general fonns for the material 
tools wherewith we attack tlie gross manifestations of nature, 
so the constitution of our minds may be supposed to render 
desirable and convenient certain genend forms of tlicorics 
wherewith to attempt tlie explanation of her hidden principles. 

Discussion of the hypothesis that the atoms of tlie various 
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elements are tjnilt out of some one or two fundamental sub- 
stances was revived by the enunciation of the periodic law, 
which remains one of the fundamental guides for all speculation 
on the subject. Mendel 4 e££ himself, to whom we chiefly owe 
the periodic, table, was, it is, interesting to note, opposed to all 
such speculations, and considered them an abuse of the know- 
ledge which he had systematised, but many of his contem- 
poraries and their successors were strongly impressed by the 
suggestion that the periodically recurring properties must be 
due to some periodically recurring feature in the structure of 
the atoms. In general terms, it is reasonable to suppose that 
as more and more of the hypothetical elementary particles of 
which all atoms are built are added to make heavier and heavier 
atoms there must be certain features of the pattern formed 
which present themselves at regular intervals. As J. J. 
Thomson has said : “ That the atoms of the different dements 
have a common basis, that they behave as if they consisted of 
different numbers of small partides of the same kind, is proved 
to most minds by the peiio^c law of MendeMeff and Newlands,” 
The establishment of the nature of the “ small partides of the 
same kind,” the dectrons, was, perhaps, the most important 
stage in the doctrine of atomic structure. The discovery of 
the Zeeman effect came at a fortunate time, as its simplest 
manifestation was at once explained by Lorentz in terms of 
vibrating dectrons present in the atom. 

The modem theories of atomic structure may, in fact, be 
said to have begun with the experimental establishment of the 
existence of the dectron. As soon as it was shown that the 
mass of the electron was only about 1/1700 of that of the hydro- 
gen atom, and that all electrons, no matter of what origin, 
were of the same kind, it was realised that a suitable brick of 
which to build all atoms was to hand, and speculation as to 
the arrangement in the atom of electrons, and of the positive 
dectricity necessary to make the atom neutral, began. 

Oliver Lodge, summarising in 1906 various h 37 potheses, 
enumerated five possibilities ; 

(i) The main bulk of the atom may consist of ordinary 
matter associated with sufficient positive dectricity to neutralise 
the charge of the dectrons present. 
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(2) Tlie bulk of the atom may consist of a multitude of 
positive and negative electrons, interleaved, as it were, and 
holding themselves together in a cluster by their mutual attrac- 
tions, eitlicr in a state of orbital motion, or in some static 
geometrical configuration, kept pcnnancut by appropriate 
connexions, 

(3) The Inilk of the atom may be composed of an indivisible 
unit of ])ositivc electricity, constibiting a presumably spherical 
mass in the midst of which an electrically equivalent 
number of point electrons are scattered : these electrons may 
distribute themselves in rings, after the fashion of Alfred 
Mayer’s floating magnetic needles, juid revolve in regular orbits 
about the centre of the mass, with a force directed to that centre, 
and vai7ing as the direct distance from it. 

(4) 'llierc may bo a kind of interlocked admixture of positive 
and negative electneity incoqsorated together in a continuous 
mass in the midst of which one or two more isolated and 
individualised electrons may move about and caiTy on that 
display of external activity which confers upon the atom its 
observed properties 

(5) A fifth view of the atom would regard it as a " sun ” ot 
cxtiemely concentrated positive electneity at tlie centre, with 
a multitude of electrons revolving in astronomical orbits, like 
asteroids, within its range of attraction 

Tile fust hypothesis and tlie fourth (which is extremely 
indefinite) do not call for further mnition. 'fhe other three 
will be very briefly consideied, as they bring out ceitain points 
which have to be taken into account in any atom model. 

Lenard’s Dynamids. A great advanee was made by Lenard 
when he showed that the catliode rays could bo made to 
penetrate a thin aluminium window and so pass out into the 
air His further experiments on the absorption of the rajs 
led him to the conclusion, whicli retains its great importance, 
that swift cathode rays can pass freely through thousands of 
atoms, assuming for the size of the atom the magnitude deduced 
from the kinetic theory of gases. ITie greater part of an atom 
must therefore be empty, at any ra^e so far lus these fast 
travelling electrons arc concerned. (^Lcniurd assumed tliat 
every atom was built up of what he called dynamids, i.e. couplets 
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consisting of a positive and negative dectron, of fibced moment. 
These d3mamids were surrounded by a fidd of dectric force, 
which captured very dow-moving dectrons : swift dectrons, 
however, could pass by uncaptured, and, unless they passed 
very dose, imdeflected. From the absorption of the fast- 
moving dectrons Lenard calculated that the dynamids had a 
certain small cross section absolutdy impenetrable to any 
cathode rays, and that the total impenetrable volume due to 
all the d3manuds in one atom was less than lo"® times the 
volume of the atom. The scattering he attributed to deflection 
of the rays passing dose to dynamids, this deflection being, of 
course, greater for the slower rays. He also deduced, from the 
fact that the absorption of cathode rays is roughly proportional 
to the mass of matter traversed, that the number of d3mamids 
in an atom is proportional to the atomic wdght of the atom. 
As to the arrangement in space of the dynamids in the atom 
Lenard offered no definite suggestion. 

This work of Lenard’s is of great interest, since, although his 
atom is not now accepted, in view of the much wider successes 
of Rutherford’s type of atom, it presents many features em- 
bodied m Rutherford’s atom. In both models most of the 
atom is empty. The size of Lenard’s impenetrable dynamids 
IS not very different from that of Rutherford's impenetrable 
nucleus, although in Lenard’s atom of atomic weight N there 
are N dynamids, in Rutlierford’s atom there is only one 
nucleus with a diarge equal to, not the atomic weight, 
but the atomic number. Lenard’s atom was evolved by 
considering the passage and scattering of cathode rays through 
solid matter, Rutherford’s mainly from considerations of the 
scattering of a particles by solid matter. 

J. J. Thomson’s Atom. J. J. Thomson’s atom model con- 
sisted of a sphere of uniformly distributed positive electncity, 
m which are embedded a number of electrons whose total 
charge equals that of the positive electncity. This model 
proved very successful in representmg m outline the chemical 
properties of atoms as exhibited m the periodic table. It can 
be shown that the electrons will have certain stable arrange- 
ments in rings. Starting with one electron, and putting in 
more electrons one by one, it is found that until we reach five 
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they arrange ihcmsdvcs in one ring. Wlicn a sixth is added 
tlic ring is no longer stable : one electron goes to tlie centre. 
The outer ring is then stable until it contaurs eight electrons : 
alter that further electrons go to the centre to form anotlier 
ring until when there arc eleven in the outer ring, and five in 
the inner ring, the next electron added goes to tlie centre to 
start a tliird ring. In this way successive rings arc built up, 
and a periodicity is obtained which is very suggestive of the 
periodic law of chonristry, Abegg’s law of valency, that the 
sum of tlic positive mad negative valencies of an atom Is 8, is 
well represented. J. J. Tliomsoia also worked oait a theory of 
scattering of inovnig electrified particles in passing through 
small thickne.sses of matter made up of such atoms. His 
results, however, did not agree so well with experiment as those 
given by Rutherford’s model, and, further, the atom has had 
no success m the way of representing spectroscopic results 
(including in this term X-ray spectioscopy). It represented, 
however, the most elaborate and succe.ssfnl attempt to 
construct an atom model susceptible of detailed mathematical 
treatment until Ruthcrfoid, in 191X, enunciated his theory of 
the atom in a cclebratetl papi'i- on the .scattering of a and fS 
particles by matter. 

Rutherford’s Atom.* , Ruthci’ford's atom consists of a posi- 
tively charged micleus, very small comiiarcd to the size of the 
atom, surrounded by a distiibution of electrons, whose number 
equals the nuclear charge. It is often compared to a planetary 
system with a central " sun." The essential mass of the atom 
is concentrated m the nucleus. In the paper in which Ruther- 
ford first advocated tliis form of atom he stated that the central 
charge was approximately proportional to the atomic weight, 
and calculated that in one or two cases it had values which 
were about half the atomic weight. I.atcr work has shewn that 
the central charge is equal to the atomic number, i.e. tlie 
number pertaining to an element when all tlic elements are 
arranged in order of increasing atomic weight, and numbered 
successively, starting with hydrogen as i. Moseley's brilhant 

* The liuthcrXord type of atom was siiggcstod by Nagaoka in 1904, but as 
he only investigated its stability, and bi ought forward no compelling evidence 
in its favour, it is usually known by the name of tlie man whose convincing 
presentation, based on crucial expenments, first exhibited its possibihtics. 
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investigations on the X-ray spectra of a series of different de- 
ments first established this important feature of the theory. 
The atom was originally devised to account quantitativdy for 
the observed scattering of a rays. It has since proved remark- 
ably successful in accotmting for a large nxunber of atomic 
phenomena. It is by far the most fruitful of all atomic modds, 
and most of the considerations of this book will be devoted to it. 

A dear separation of the mass properties from the chemical 
properties is provided by the nudeus atom, the mass bdng 
given by the mass of the nudeus, while the chemical properties 
are determined by the nudear charge, wbidi conditions the 
distribution of the surface dectrons of the atom This feature 
of the modd has proved particularly valuable for the interpreta- 
tion of the modem work on isotopes, that is, for givmg a 
theoretical account of the experimental discovery that there 
exist atoms of different masses which have the same chemical 
properties, and are therefore chemically inseparable. 

The Dpiamical and the Statical Nudeus Atom. For some 
problems the behaviour and distribution of the dectrons sur- 
roimdmg the nudeus is of no great importance ; they play no 
appredable part, for instance, in the large angle scattering of 
a particles which has proved of such importance for speculation 
on atomic structure. For many purposes, however, it is 
essential to consider in detail the extra-nudear part of the 
atom. There have been, in the mam, two rival hypotheses. 
To account tor the structure of hne spectra, both optical and 
X-ray, a theory has been built up on the assumption that 
electrons circulate in certain stable orbits round the nucleus, 
the selection of the orbits, and the deduction, from the orbits 
selected, of the frequenaes of the radiations being governed by 
special hypotheses. This theory owes its inception, and many 
of its devdopments, to Bohr, and is generally known by his 
name we may refer to the modd in question as the dynamical 
atom. Bohr and others have elaborated the modd with 
a view to accounting for the chemical properties of the atom, 
especially those expressed in the periodic table 

An atom modd in which the dectrons are moving in com- 
plicated orbits is, however (in the present state of the theory, 
at any rate), not easy to deal with from the point of view of 
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clicmical combination. Naturally enough the chemists have 
received more warmly the second hypothesis, that of the static 
atom model, which has been developed by Lewis, Ljmgmuir, 
and others. This assumes a distribution of electrons in shells 
round the nucleus, but tliose electrons arc considered to be 
stationary. Such a model has proved useful not only for the 
game of molecule building (a pastime not altogether unlike the 
glorified dominoes recently described by Major MacMahon *), 
but also from the point of view of atomic and molecular sizes, 
as concerned in the viscosity of gases, and crystal structure.^ 
By a variety of fantastic assumptions it can be forced to give a 
rough account of spectral series, but it cannot mtcipret any of 
the details so .successfully explained by the dynamical model, 
.such as the relation of the hydrogen to the ionised helium 
spectrum, the “ fine structure ” of the lines of hydrogen and 
helium, and tlie effect of an exteriitil eLs'luc or magnetic held 
on the .spectral lines. 

The claims of the rival theories are reviewed in the course oi 
the book. 

Duties of an Atom Model. It is a tniism, but one which, 
perhaps, can bear repetition, that an atom model is only of use, 
and deserving of retention, when it describes quantitatively 
expenmcntal observations, and proves Inntful m suggesting 
new lines of research. Some of the main phenomena which an 
atom model is expected to represent, and which have diiected 
tliought and speculation on the subject, are . 

Scattering of a and (i rays, and of X-rays, by matter. 

The series spectra, both in the visible and invisible regions, 
including in this the X-ray spectra. 

The phenomena of radioactivity. 

The existence and properties of isotopes. 

The non-existence of atoms of certain mas.ses 

The periodic law, and the associated periodic vmriations. 

The laws of chemical valency and cliemical combination. 

A completely satisfactory atomic model, which is an un- 
realisable ideal, would, of course, have to account for all the 
observed phenomena of physics and chemistry, which are 

* New Mathemattcal Pastimes, by Maj or P. A. MacMahon. 1 92 x . Cambndge 
University Press. 
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sciences of the atom. Many phenomena beyond those just 
enumerated have furnished helpful material for the criticism of 
atomic mod^s. Crystal structure, magnetism, the viscosity of 
gases, the compressibility of crystals, the ionisation of gases, 
and various other subjects of study in chemistry and physics 
will be cited as witnesses for or against certain views of atomic 
structure, and there is little doubt that with sufficient ingenuity 
almost any experiment can be made to furnish some evidence 
on so comprehensive a subject. Those mentioned above have 
been selected as having, possibly, proved most fruitful so far. 
There is doubtless much evidence near at hand whose bearing 
has hitherto escaped notice, but may be revealed m the near 
future to some mind combining the imagination, knowledge, 
and balance which are necessary for fertile speculation. 



CHAPTER IT 

THE PASSAGIC OE SWIKT CORI>USCJ.I^S TIIROUGM ATOMS 

GFeneral Behaviour o£ a Particles and Electrons passing through 
Hatter. The physicist attempting to construct an atomic 
model from considerations of spectral data has been compared 
to a man who, never having seen a musical instrument, should 
essay to construct a model of a piano by listening to the sounds 
made by it when thrown downstairs To help him in his task, 
however, the physicist has other guides besides the vibrations , 
he has, for instance, i^robes of various strength whicli he can 
thrust through the case of the inslr ament, noting the resist- 
ances and deflecting forces whicJi tliey cxj>erionce. These 
probes are the swift a particles and clecti ons of vai lous speeds, 
which in their passage through the atom undcrg<j a vaiiety of 
forces. Both the electron and the a i^articlc are, oi course, 
exceedingly small compared to the gas-kmetic ^ si/.e of the 
atom, and hence the nature of their mtoraction with the atom 
during very close encounter is especially significant, since, 
except in certain cases, the moving particle may be considered 
as a point chaigc. A consideration of the behaviour of these 
Hying corpuscles gave the essential features ol the atom 
model which at present claims what is almost universal 
confidence. 

The tt particles arc atoms of helium with a positive charge of 
two units, whose initial velocities vary from 2-22 x lo** cm /sec. 
to 1-45 X lO’* cm./scc., according to the radioactive substance 
which gives rise to them. The corresponding kinetic energies 

♦ l*erhaps the introduciion into English of this cxi>ro.ssion may bo allowocl, 
since it IS desirable to have some slioit way of indicating the size of an atom 
deduced from the kinetic theory of gases. 
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are 1*53 x io~® and *645 x io~® ergs. Moving dectrons are at 
our disposal with vdodty varying from nothing to the very 
high vdodties of the j8 partides, approadiing for the swiftest 
that of light. The vdodty corresponding to a free fall through 
a potential difference of -5 volt,* which is about the lowest 
used in the dass of experiment in question, is 4*2 x 10’ cm./sec. 
or *0014 c : that of the swiftest ^ partide is about *998 c, 
where c is the vdocity of light, and the corresponding energy is 
1-2 X iO“® ergs. For convenience we dxall often refer to moving 
dectrons, no matter what their origin, as cathode partides. 

There are wide analogies between the bdiaviour of swift 
dectrons and of a partides in passing through matter. If 
a narrow beam of a rays or of cathode rays — ^the latter, from 
the wmdow of a Lenard tube, for mstance — ^passes through a 
high vacuum it preserves a well-defined conical or cylindrical 
form, and gives a spot with sharp boundaries on a phosphores- 
cent screen or photographic plate. The introduction of matter, 
either in the form of a gas or of a thin metal foil, causes the beam 
in either case to become diffuse, like a ray of hght in a turbid 
liquid : the spot on a screen loses its sharp edges, the rays being 
spread over a comparativdy large area and presentmg the 
phenomenon known as scattenng. In the case of both a rays 
and cathode rays an apparent reflexion of the rays takes place 
at solid surfaces, whidi proves to be, however, due to particles 
wliich have been turned back through more than 90° by the 
scatlering process. 

Both dasses of particle in general produce ionisation in 
gases through which they pass, due to the release of dectrons 


The velocity of a cathode particle is generally given in voltb, the meaning 
of this being that the velocity in question w'ould be acquiied by an electron 
moving fyeely through a potential difference of the specified number of volts 
For low elecliomc velocities wheie P is the potential difference, 


or 



Remembering that i \olt = ro‘* electromagnetic units we have 

o Pc — 

* — =:2 X T 7C0X 10 ’ < lo'^F or t /==5 93 Xio\/F 

)Hq 


where V is the potential in volts 


For large velocities this simple formula does not hold, since the mass then 
increases with the velocity The kinetic energy of the electron is then given 


by - 1 Y where j8= and c is the veloaty of hght In Appendix 

\\/i - /J® / ^ 

II IS given a table comparing the velocity of an electron expressed as a 


fraction of the velocity of hght, and in volts. 
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from the atoms encountered : these electrons become attadicd 
to other atoms, and so positive and negative carriers — generally 
called ions, although tlicir method of production is not tliat of 
ions in dectrolytic solutions — are formed. If the vdodty of 
the partide fall bdow a certain limit no ionisation is produced. 



Diatanoe traversed in ems 

Fir. I. 

ConipaiiMm of loumium piocluccd by a moving dn lion .incl by an 
ot pailiclc The oidinates arc to be nuiliipli<‘d by !<)•* and lo* 
icspectivdy to give the number of ions. 

Further, tliere is an optimum vdocity, approximatdy the same 
for a partidcs and dectrons, for whidi the greatest number of 
carriers are produced per centimetre run of the partide, this 
velocity being about 8-4 x 10® cm./soc. Tliere is, in fact, a general 
correspondence, pointed out by Ramsauer, between the two 
dasses of partides as ionisers. The continuous line in Fig. i 
shows the number of pairs of ions produced by a single a 
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partide at different points of its path, in air, which terminates 
at 7 cm., the range of the partides in question. The vdodty 
of the a partide at each point of its range can be calculated 
from Geiger’s formula »*= *143(7 J so that to every abscissa 
may be attached a velodty. If the number of pairs of ions 
produced by an eUdron of this velodty be plotted as ordinate, 
the dotted curve is obtained which, with suitable adjustment 
of ordinate scale, agrees very dosdy with the a particle curve. 
A single a partide gives rise to about ten times as many ions 
as an electron of the same velodty. 

Both dasses of partides are absorbed in passing through 
matter.* With both dasses the velodty is gradually reduced 
by successive encounters with atoms. In the case of the a 
particles this reduction of vdocity continues until the partide 
IS reduced to gas-kinetic vdocities, which happens after a 
certain approximately constant distance — the range of the par- 
ticle — ^has been traversed. Very few partides are stopped or 
otherwise removed from the beam : the absorption is, for a 
partides, mainly a reduction of vdocity. The flying electron 
also has its vdodty reduced by passmg through matter, but 
the absorption is here mainly a reduction of the number of 
particles, owing to a large number of them bemg abruptly re- 
moved from the beam in a way that will be considered later. 

The fundamental idea to be found in all modem theories of 
the absorption and scattering of corpuscular radiations by 
matter is that the atom contams certain discrete centres of 
force — dynamids in Lenard’s theories, dectrons embedded m 
a uniform distnbution of positive charge in J. J. Thomson’s 
older theories, electrons and a heavy positive nudeus in Ruther- 
ford's atom — ^which deflect the moving corpusde when it passes 
near them, and, in general, change its velocity. Both deflection 
and change of veloaty obviously depend on the mass of the 
atomic centres of force in question, or, m the case of the electron, 
what comes to the same thing, the forces holding it m equih- 
bnum in the atom. It is m the treatment of these forces, and 

* The question of absorption is often unnecessarily obscured by neglecting 
to distinguish between two different effects — a diminution of velocity of the 
particles, due to successive encounteis with atoms, and a diminution of number 
of pai tides, consequent upon the stoppage and removal from the beam of some 
of them. 
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in the space distribution of the positive charge, that the various 
theories differ. Lcnard's work will be described first, not only 
on account of its historical importance, but also because it 
enables us to make aii estimate of the size of the imcJeus, if 
we apply it to the micleus theory. 'Hic remainder of the 
chapter is devoted mainly to the consideration of experiments 
establishing Ruthcrfoid's nucleus atom, which dominates 
present-day physics. 

The Absorption of the Cathode Bays. When cathode ]>ar- 
ticles pass through matter they issue from the absorbing sheet 
diminished firstly in number, and se('.ondly in velocity, llie 
two effects are best discussed separately, hut unfortunately 
experimenters have not always been clear as to which effect 
they are observing. Measurements made by receiving the 
rays cither in a Faraday cylinder or on a paratlin-wax-covc'red 
plate measure the charge, and hence the number of electrons . 
measurements — such as those of Whiddiiigton-- made with a 
cathode stream whose velocity is measured, before and after 
passage, by a magnetic field give the diminution of velocity ; 
but measurements made with the ionisation chamber give 
neither the one nor the other in the general case. For the 
number of carriers produced is a complicated liinctionof tlie 
velocity ol the primary beam (see P’lg i), nltbongli for a li-xcd 
velocity it is proportional to the miniber ol ilying jiarlicles 
Hence if measurements are made with beams of dilteuMit 
velocity careful correction is ne('essary. 

Lcnai'd has shown from a detailed stiuly ol the e-xpeiiiiuntal 
results that the absoiption of cathode ray.s, namc'ly, the re- 
duction to gas-kinetic velocity, is due iii tlie iii.nn to the 
sudden removal of an electron from the bi'am by a single atomic 
encounter, and in a much le.ss degiee to the gradual reduction of 
velocity by repeated encounters. He tlioiefoie dt'fmes the 
absorption coefficient by tlie equation where J is the 

intensity, defined as the number of electrons* la 11 mg ])ei second 
on unit surface at right angles to the beam, x is the thickness 

* Witli sufTiciently lugli velocity Uioic ih tciiuiiy latliation prod mod by llu* 
fteconclaty clcctroiih liberated by the piiinaiy beam. Jf the chambtT i.s dceji, 
there are appicciablc chaiisos of velocity in the passage tliioiigh tli<i ohambei 
itself of a penetrating laduition 'Iliose and othci such like ellects aie not 
always taken into account 
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of absorbing material and a is the coefi&dent This equation 
has been experimentally confirmed by Lenard and Becker: 
since the coefficient a is a function of the vdodty it is necessary 
to work with thicknesses of absorbing material which do not 
much reduce the velodty, and to correct for such reduction as 
takes place.* Taking the coeffident of absorption as defined, 
measurements diow an astonishing decrease of absorption with 
increasing velodty of the cathode beam. The following table, 
borrowed from Lenard, exhibits this. The values are smoothed 
values taken from curves embod 3 nng the observations of Lenard, 
Becker, Rutherford, H. W. Schmidt and others, made with 
photodectric electrons, rays from a Lenard tube, and rays 
from radioactive substances. The coeffident a is shown (fivided 
by the density of the absorbing substance. Absorption is 
approximately proportional to density — Lenard's " mass- 
absorption law ” — and for the substances most used in ab- 
sorption measurements, namdy, air and aluminium, the 
proportionahty is particularly close. 


VARIATION OF ABSORPTION COEFFICIENT WITH VELOCITY 


V 

a 

V 

a 

V 

a 

c 

I) 

c 

D 

c 

D 

90 

6 gr cm ® 

•55 

I 3 X 10® 

•15 

I '5 X 10- 

8-5 

9 

50 

2 2 

10 

80 

80 

13 

45 

4 0 

•08 

14 

75 

H) 

•40 

7 4 

•06 

25 

70 

29 

35 

14 

04 

58 

65 

49 


20 

03 

86 

•60 

83 

^5 

86 

02 

130 

55 

130 

20 

3O0 

01 

180 



15 

1500 




Ciiivcb c\inc“ibing the Vtination of absoiption with thickness of foil, 
and also the loss of velocity of the flying elections in passing through matter 
aic given in Appendix J 


Now, from the kinetic theory of gases the number of en- 
counters of a flying electron with gas molecules can be easily 

* a IS a constant in the oidinary physical sense, for most constants— except 
universal constants — are paiameters which vary with the defining conditions 
Thus thermal conductivity vanes with temperature, and at the same time 
demands a difference of temperature for its measurement. 
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calculated, assuming for the gas molecules the size found from 
considerations of viscosity and the like. It appears at once 
that a swift electron can encounter thousands of atoms 
without being either appreciably turned aside or stopped. A 
simple method of deducing this is to apply a tlicorcm of Clausius, 
according to whidi, if small swift particles bo fired through a 
layer of gas x cm. thick, having for the total cross-.section of 
all the moleailes in unit volume a value a, tlusa a fraction e~"* 
will get through without an oacountcr. Our coelBcient a 
may tlicrefore be taken to represent the absorbing cross-section 
per unit volume. Consider, for example, the niy.s of velocity 

1-2 xio'^* cm./scc. in the table, for which ^--740, whence a for 

air at n.t.p. =740 x -00129 = -95. For iiir at n.t.p. the total 
molecular cross-section is about 18000 sq. ciiis. per c.c. oi gas, 
and hence the cross-section which is elfcctive as an absorber 
for rays of velocity 1-2 x lo^® cm./sec. is about a twenty- 
thousandth of the cross-section of the molecule. For swifter 
rays it is still smaller. 

Sufficiently swift cathode rays can, therefore, pass freely 
through atoms. Over twenty years ago Lenard exphuned 
this result by supposing that atoms contain certain centres 
of force which he called clynamids, and considered to be com- 
posed of a single positive and a single negative charge, closely 
connected togethc'r. 'Hie electnc force is very large in the 
neighbourhood of a dynamid, mid comparatively weak else- 
where in the atom, so that swift cathode paiticles can pass freely 
through the " empty ” bulk of the atom while the dyuaniids 
themselves behave as impenetrable to the swifte.st rays. From 
the liimting cocflicient ol absorption a certain impmetrable 
cross-section of the atom may be calculati'd which gives the 
size of the hypothetical dynamids. 'I'lius in the table given 

CL 

the least value of ^ is 6, or for air at n.t p. a = *0078. Coni- 

parmg this with the total cross-section 18000 referred to above, 
we have 

cross-section of dynamids _ -0078 _ 

cross-section of atom ” 18000 ' '43 10 
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Lenard supposed the dynamids to be distributed throughout 
the atom. If we adopt the Rutherford model, and consider 
that there is in each atom one nucleus which we may take for 
the moment as impenetrable to the fastest cathode ray, we 
have for its linear dimensions a quantity of the order 7 x lO"* 
times the linear dimensions of the atom, or, since the diameter 
of the molecule of nitrogen is about 3 x 10-® cm., the diameter 
of the impenetrable part, taken as a whole, is of the order 
2 X 10“^^ cm. — or rather is less than 2 x io~^^ cm., since the least 
coefficient of absorption in the table has been taken, while for 
still faster rays the coefficient may be somewhat less. Ruther- 
ford’s latest estimate of the diameter of the nucleus of light 
atoms IS approximately 5 x io“^ cm., or about one-fortieth of 
this. For so mdefmite a thing as the diameter of the nucleus 
this is very fair agreement. Rutherford’s estimate is based 
upon the behaviour of the nucleus towards the a particle, our 
adaptation of Lenard’s upon that towards the cathode particle, 
and there is no particular reason to expect the two to agree 
exactly. The nucleus is not a minute, round, hard billiard 
ball. 

It may well be asked by what mechanism the absorbing cross- 
section of which we have spoken removes an electron from the 
beam The assumption already used, that the removal is due 
to a single encounter, is strongly supported by the observation 
that a beam of homogeneous velocity retains approximately 
its homogeneity after passage through a sheet of matter, if the 
expenmental conditions exclude disturbmg forces, such as 
electro-magnetic waves If the removal of an electron from the 
beam were the result of a gradual dimmution of velocity to gas- 
kmetic magmtude by successive encounters, there would always 
be present m the emergent beam electrons of different velocities ; 
for instance, those of very small velocity, which would have 
been removed had the sheet been a little thicker. Supposing 
then that the removal is the result of a single encounter, are 
we to assume that the electrons passing near the nucleus axe 
turned through a large angle with practically undimmished 
veloaty, as we shall see is undoubtedly the case with a particles, 
or are they removed from the beam % a sudden diminution of 
velocity ? Lenard believes in the latter alternative. Of cour^ 

A.S.A. B 
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if the nucleus be a positively charged sphere,* and the original 
direction of the electron pass through, or ^thin a c(‘rtain small 
distance of the sphere, the electron will be captured and so re- 
moved If the original direction pass a little further from 
the sphere, the large change of direction of velocity will take 
place without diminution of velocity, as considerixl in greater 
detail when the a particle is cUscus.se(l. Hoth elTeets probably 
contribute to the absorption The question, so far as I know, 
has not been carefully discussed, and it is much too coinphcatcd 
for discussion here. 

The cathode ray absoiqition experiments have not so far 
yielded the clearer and more detailed information supplied by 
Rutherford’s experiments on the « i>aiticle, but tlu*y supplied 
the first evidence of the “ empty” behaviour of the atom to- 
wards high-speed particles, and, as wt; hav(‘ seen, can b(‘ made 
to furnish a rough estimate of the size of the nucleus, whatever 
may be the exact mechiuiism by which tin* absorption is 
effected 

The a Particle. Single and Multiple Scattering. Tli(‘ nucleus 
atom model was originally put forwaid by Kullu'rfnrd on 
the evidence of his experiments on large' angle seatteiing of 
a particles. 'Hie seatteiing wlmli these umh'igo imu he in- 
vestigated in much nioie detail than that of catliodi' pai tides 
It is well known that « pailide.s, falling on a i)hos|»lioiesceiit 
screen, usually of zinc suljdiidi', produce disci eti* scmtillalions 
which can be observed through a low-])owei imciosc-opi', ;uid 
it has been jirovi'd that the an ival of a single « ])ai t ide produces 
one scintillation. Hence we liave a method of counting, and 
observing the position of, single jiai tides which is denied us 
in the case of the cathode particles T'hat tlii' ladioactive 
elements supply strong .sources of « rays of fixed initial velocity 
has its advantages, since there is no nei'd to use any (Usvice, 
such as the magnetic resolution usual with cathode ray.s, to 
obtain a homogeneous pencil : on the other hand, wc have not 
the wide range of velocity available with Ccathodo rays. 

When a narrow beam of homogeneous a rays from a thin 
film of Radium C, say, falls on a metal foil the rays are scat tered, 

* / e. if the non-umformily of the field close to the nucleus, which contains 
hoth positive and negative elcctiicity, be noglocteU, 
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and the distribution can be quantitadvdy fixed by counting 
the scintillations produced in directions making various angles 
with the original beam. This method was extensively used 
by H. Geiger, and by Geiger and Marsden, in their pioneer 
investigations on the subject. Now, it is observed that not 
only do some of the particles which penetrate the foil make 
large angles with the original direction, but that also a certain 
very small fraction of the incident partides are scattered 
through so large an angle that they do not penetrate the foil, 
but emerge on the side of the inddence. The greater the 
atomic weight of the metal of the foil, and, within limits, the 
greater the thickness of the foil, the greater the fraction turned 
back, which shows that the " reflection ” is a volume, and not a 
surface, effect. The number of partides scattered through a 
large angle, say 30® (a small range of angles about a mean 
deflection is, of course, taken) in the forward direction, is, within 
expenmental error, proportional to the thickness of the foil, as 
is shown in the following table for gold foils. 


Number of foils 

Air equivalent ( =■ T) 

No of scintillations m given 
direction ( «=> N) 

N 

T 

1 

II 

21*9 

200 

2 

22 

38 4 

175 

5 

51 

843 

X65 

8 

81 

I 2 I 5 

X50 

9 

90 

145 

160 


Similar results have been obtained with other metals This 
result IS a decisive one for the theory of single scattering. 

If, with a given foil, the number of particles scattered through 
various small angles (a few degrees) be observed, which can be 
done by counting the number of scintillations on a given small 
area taken at different distances from the centre, it is found 
that the distribution obeys the laws of probabihty. There 
is a most probable angle of scattenng varying, with the matenal 
and thickness of the foil, from half a degree or so to a few degrees, 
and the number of partides scattered through angles on either 
side of this is compatible with the theory that the scattering 
is due to a large number of random small deflections undergone 
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by each particle as it traverses the foil (a mechanism tisually 
referred to by the nnnie of multiple scattering). The most pro- 
bable angle for a given foil having been hmncl, the chance of a 
deflection of 90° or more cun be calculated on the a.ssnmption 
of multiple scattering, and is found to be vanishingly small, so 
small that the large angle scattering of 30° or more, worild never 
be observed in the ordinary course of (‘Xperiment. 'Phis fact, 
that tlic number of large angle deflections observed is incom- 
patible with the lelative uiimlu!! and distribution ol small 
deflections observed, it tlu* linal scatti'iing he assumed to be 
the result of a large number of small scatti'rings, forms the 
staitmg-point of Rutherford’s leasoning h'loni it he deduced 
the essential consequenee that the huge angle deflections aie 
due to cncounteis with a single atom 

To get the intense field of force necessary to di'flcct an a 
particle through the large angles observed Ruthei ford assumed 
a massive nucleus, very small in comparison to the atom itself, 
the rcmauid(T of the atom being made u]) of rings of electrons 
whose rotation prevents them b(*ing drawn in by the positively 
chaiged central sim, though theie is nothing m the scattering 
e.xpcnments alone to mdieatc a rotation rather than a statical 
distribution. Tlie swift a particle, which is itself a nucleus,* 
and hence very small, ('an pass fri'ely thiough the bulk of the 
atom, just as can the swift election It snders very small 
deflections when passing near the elections of the atom, hut 
will cxpeii(‘ncc a large deflection when jiassing verv close to 
the nucleus, h'or the jnesent jiurjiose, which is to consKh'r the 
large angle scattciing, wc can neglect tlu' elections To 
examine the angle of defleclion due to the nueh'us consider a 
massive point K, with a positive charge Z times the electronic 
charge c, which lepels a particle of mass M and positive (diarge 
E appioaching with velocity v along a j>ath which, far removed 
fiom K, has a direction PO (Fig. 2). If the inverse, square law 
be assumed, the path will be a hyperbola, of which PO is one 
asymjitote, and P' 0 , which give^j the path of the emerging 
particle when a long way from K, the other asymptote. Let j) 

* I h(‘ a iiaiticlc is a helium atom with two positive cluui;es. Since, as wc 
hluill sec, tlic noiitial helium atom has only two cxtninuclcar electrons, a 
doubly chaiged atom has no oxtranuclcar electrons, or is nucleus only. 
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be the length of the perpendicular KS, which we may call the 
impact parameter, qt^P'OS be the angle through which the 
particle is deviated, and a the semi-transverse axis. 



Then from the geometry of the h3^erbola the eccentricity = 
e= cosec ^g> 

and p=ae cos ^ (p=a cot 

By the simple dynamics of the central orbit, if /t is the 
acceleration at unit distance, then 

, fJ' ZcE 
a Ma’ 


y = cot iffi, 
^ Mv^ 


.(I) 


which gives the angle of deflection corresponding to a given 
impact parameter and a given velocity. It is to be noted 
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Ihsit if h be the chstanoo fiom K .it which tlui piu’tu'lo would 
be brou{>ht to icst inoinenturily if it weie fired direct at K, then 


, 2 ZcE 

h-quation (i) can therefore also bo written 

‘ih 

<'‘>1 a'/’ {.la) 

The foimtila (i) or {la) for tlie defleelion liolds, it so lia])p(‘ns, 
whether the eliiiif’es of the nucleus and appioacliinf> iiarticle 
be of tlie same oi of opposite sif^iis In tlie case of the n jiaiticle 
there is no doubt that tliey uie of tlie same sir'll 

Now if n be the niiniher of atoms per unit volume and / the 
thickness of the foil, then i/nl is theaveia^eau'a ol foil suifacc 
dominated by one inieleiis Hence the cli.mce that an a 
])<nrticle in traveisin^ the ioil passes at a dislaiu'i' between /), 
and /).2 from a nm'lcus is* 

‘I 

and the liaction deviated between anj^h's </', and </ jj is 


q ^ ;////•* (cot =* h/-, eot^if/jg). 

4 

Since the scintillations aie usually counted on .i scieen pei- 
pendu ulai to tlu> diiectioii of tlu' scatteied lays, foi all an/^lis, 
we will expiess tin* s( .itteimj^ as the nuinhei ol s( mtillations 
on a small unit aiea distant r fiom the ]iomt oi iiicideiKe ol 
the rays on the si'atteiinf’ foil, and noiiiial to Hu* ladius veetoi 
r. The aiea (lit olf between angles f/), and </., on a s])h(‘ie of 
ladius r is 

(cos </', —('OS i\ny'^ (<'ot®a (/'i - cot'^^yij) sin‘^^(/i, siir-^^Jf/'j. 

llenc(', out of a total number ol particles (1 falling on tlii' foil, 
the numbei per unit area at distance r on a scu'cii noiinal to r is 

Qntb^ 

x6/*>sin*i(/ii sin*^9»a 


♦ Jiutlioiford in his oiigmal papei uses m for both mass of particle and 
pi obability. 
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When the area is small, so that and can be taken as 
sensibly equal, this becomes 

Qvi cosec*|95 

Hence the number of partides per unit area of phosphorescent 
screen (always normal to the particular direction considered) 
at a distance r defined as above, should be, on the assumptions 
made, proportional to 

(1) cosec* ^99; 

(2) thickness t of scattering material, provided that this 
IS so small that the a partides scattered through large angles 
have only a small chance of a second encounter ; 

(3) square of the central charge Ze ; 

(4) the reciprocal of {Mv^)\ or i/u* if M be constant. 

Experiments by Geiger, both workmg smgly and in collabora- 
tion with Marsden, have confirmed these results very well. 
The number of a partides emergmg from a scattering foil at an 
angle <p has been found to vary as cosec* for angles rangmg 
from 5° to 150°, for which the number of partides varies from 
250,000 to I (the distances had to be increased considerably at 
small angles to reduce the scintillations to countable numbers). 
For small tliicknesses the number scattered is directly propor- 
tional to the thickness, but for larger thicknesses the decrease 
of vdocity causes a somewhat more rapid mcrease m the amount 
of scattering This proportionahty is of particular importance, 
for the relation between scattenng and thidcness forms a 
crucial test of the theory of single scattering, which itsdf is 
essential to the nudeus atom. Single scattermg gives a direct 
proportionahty between the number scattered and the thick- 
ness. The hypothesis ol multiple scattermg, on the other hand, 
leads to the conclusion that the number of a particles scattered 
in a given direction should be proportional to the square root 
of the thickness. 

The scattermg per atom, when foils of different materials are 
in question, is approximatdy proportional to the square of the 
atomic weight. It will be shown later that from this, and from 
the quantitative results as to the numencal fraction of particles 
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scattered tlirough a large given angle (45°, say), it can be 
deduced with the help of Rutherford's equation (i) that Z is 
equal to tlie atomic number, which is in agrecinont with later 
very reliable results. A proportionality to ^ is thus indirectly 
confirmed. Tlie proportionality to the invenie fourth power 
of the velocity of the incident a particle was directly 
confirmed. 

Rutherford's as.sumption of a heavy, positivcJy charged 
nucleus, and consequent occasional single scattering through 
a large angle, has been .strikingly confirmed by photographs of 
\the tracks of a pfulicles in gases. 'rh(‘.sc ciui b(! niacle visible 
*by tlie method, devised by C. T. R. Wilson, in which, by moans 
of a sudden expansion, condensation of water in minute drops 
i.s produced on the 10ns formed by the passage! of the a particle. 
C. T R. Wilson's well-known photogniphs .show towards the 
end * of some of the u-ray tracks m air abrupt changes of 
direction through large angles, quite inconsistent with multiple 
scattermg, but in accord with the theoiy develo])ed above 
lliese photographs do not allow of qiiantitativt' cahiiilations, 
but exhibit other intciesting leatuies, sik li as a .short " sjnir ” 
at the point where the diiection ol tiack changt‘.s abiiiptly, 
to be attributed to loni-sation piodiued by the .stiiick nucleus 
in its path Recently Jilackett, by an elaboi.ition ol the 
method, has obtained valuable quaiililativc* lesulls 'I'o lind 
the angle thiough which the jiaiticle is tuined al a clo.se 
encounter it is not sullicieiil to lake a single i>liologia})Ii, 
since this is in geneial a peispeclive lucluu' ol the tine track, 
the plane conlaimng the path belou' and albu iiniiact not being 
parallel to the plane ol the plale. 1 Rlacktitt, lollowing 
Shimizu, takes, by meiuis of an aiiaiigenieiit of min 01s, two 
views of the same tracks, jus seen fioin mutually pi‘ip(‘ndicular 
directions, through the sjunc lens on the sjime ifiate. By 
geometrical methods it is i)os.sible to deduce, from the two 

* Since the chance of a dcIlccUon thiough a giviui huge angle is inveiscly 
piopoitional to the fourth power of the vtdocily, such d<‘Il('t'lions aic to be 
expected ueai the end, ratlun than the beginning, of tlie i«inge. 

I Tins perspective oflect has been held by I-eiiaid (Quantitatixm ilbor Katho- 
d&nstrahlen, p 2 .|o), to mvalulatc the geneial conclusions <liawn by UutlieiXord 
fioin C. T. K, Wilson’s oiiginal photogiaplis. Such criticism has been com- 
pletely stultified by the work of Shinnzu and t)f J31acl«stt. 
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Double Pbotoj^iaphs of <>ike<l a- Ka\ Ti<i(ks. ( Hlsickctt ) 
Fig. X. F'oiked Track in Oxygen 
Fig. 2. Forked Track in Ilcliiiin 
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projections thus obtained, the true angle. Fig. i, Plate I., 
shows one of Blackett’s photographs of a particles in oxygen. 
The second track from the right in the right-hand group, and 
the fourth track from the right in the left-hand group are the 
two different views of the same very definite forked track. The 
long branch of the fork represents the track of the a particle 
after collision, the shorter branch the track of the struck' 
oxygen nucleus. For this particular track the true angle 
which the former -makes with the original direction of the 
a particle is 76® 6', the angle which the latter makes is 45° 12'. 
Knowledge of these angles enables us to calculate the relative, 
masses of the striking particle and the struck particle, if we 
assume that the ordmaiy laws of mechanics for perfectly 
elastic bodies (conservation of energy and of momentum) 
govern the impact.* The mass of the recoil atom in the case 
of oxygen here considered is m this way found to be 16-72, 
with a probable error of -42, which is in sufficiently good 
agreement with the known mass of the oxygen nucleus, 16. 

Interesting results have hkewise been obtamed by Blackett 
with helium. Here the mass of the sinking and the struck 
nucleus are equal, and it can easily be proved that in this 
case the paths of the two after collision must be at nght angles 
double to one another. Fig 2, Plate I., is one of Blackett's 
more recent photographs ot u rays passing through helium ; a 
splendid forked track will be seen well represented in each ot 
the two views The angle between the two branches of th^ 
fork IS 89° 27', which gives for the ratio of the mass of th^ 
struck helium nucleus to that ot the a particle -981 instead of i 
In general we may say that these experiments not only make 
visible the large smgle scattering postulated by Rutherford, 
but also confirm the assumption that it is due to close impact 
between nuclei, governed by tlie ordinary laws ot mechanics 
for perfectly elastic spheres Each forked track provides, 
among other things, a determination of the mass of a single 
nucleus A sufficiently large number of photographs could be 
made to afford a quantitative determination of isotopes in a 
gas hke chlorine, but the method is not very practicable. 

* Cf the second of the two equations (i). Chapter IV., which also leads at 
once to the result for impact on a helium atom quoted on the next page 
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Size and Charge of Nucleus from Scattering Experiments. 
It will have been observed that, in the deduction of equation 
(i). Coulomb’s inverse square law was assumed. The close 
agreement with experiment furaislies a very strong reason for 
prcsiimmg that the law' holds down to the subatomic distimccs 
(in the case of gold it holds apparently for distiuices between 
36x10”^“ and 3 xio"'®cms.) considered in these calculations, 
'fliis is somewhat astonishing m these days when the 
general tendency is to explain all diiliculties by rehireuce to 
the limited validity of the classical laws of electiicity and 
mechanics. 

It is important to form an estimate of the size of the positively 
charged nucleus which, from tlie iussumptions already made, 
IS small compaied to the size of the atom, its deduced Irom 
'ordinary kinetic tlieory The experimental conlirmalion of 

Ze 

the assumption that the foice e.xcrted by an atom is 


(neglecting the action of the extiamiclear eli'ctions), wlicie r 
IS the distance from the centre ol the nucleus, allows us to make 
a simple calculation of the distance b within winch an a p.uticle 
can approach a heavy nucleus. Taking the gold nucleus, the 
motion of which when struck by an a jiai tu le can be lU'glected, 


we have foi b 


a 


Mv'^ - 


ZcIC 
b ’ 


01 |x()- 5 r)xio“®*xa-oy“xio'" ' ’ “ 

the atomic number (nuclear charge) of gold being 7<), and the 
velocity of the a particles fioin Kadium with which the 
experiments were carried out, being a-oy x lo® ems /sec. 

From this &=3xio~^® cins. Since the distiibution law 
deduced for scattered a particles holds right up to angle.s of 
deflection of 150 °. when the a particle must approach within 
about tliis distance, we know that the inverse square law must 
hold even for such close approach, which enables us to infer 
an upper Umit for the size of the nucleus. The diameter of 
the gold nucleus must, thus, be less than 3 x cms. 
Incidentally the distance of approacli for the smallest 
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scattering angle measured, 5“, is about 36 x 10-^® cms. for gold, 
which indicates that the space between these two limits is free 
from aU forces except that of the nucleus, and so cannot 
contain any concentration of electrons. From the photo- 
graphic study of forked tracks Blackett has deduced that the 
mverse square law holds between the nucleus and the a particle 
when their distance apart lies between about 7x10“^® and io“® 
cm. for argon, and 3 x io“^® and 5 x io-“ cm. for air. 

Collision with hght atoms also affords us information as to 
nuclear magnitudes. Considerations similar to those given 
above, but allowing for the motion of the struck nucleus, would 
lead us to deduce for the hydrogen nucleus a radius of about 
lO”’^® cms. But the experiments on ffiing a particles into 
hydrogen molecules, and knocking hydrogen nuclei forward, 
which are discussed in Chapter IV , have been made by Ruther- 
ford to show that the inverse square law no longer holds when 
the approach is within a distance of 3 x io“^® cms. This points 
to a deformation of the nucleus by the enormous forces set up, 
and we may take this distance as being the diameter of the 
nucleus. Of course no very precise meaning can be attached 
to the expression “ diameter of the nucleus,” any more than to 
the “ diameter of an atom,” but just as in the kmetic theory 
there is, for ordmary velocities, a certam d istance of dosest 
approach (varying somewhat with the variations of velocity 
which accompany changes of temperature) which we call the 
diameter of the molecule, so in subatomic physics we may 
call the distance of closest approach, without deformation, 
obtained with a particles, in the case of whose energy the 
cxtranuclear electrons have a vanishmg influence, the diameter 
ot the nucleus. The quantity obtained is actually radius of 
helium nucleus + radius of struck nucleus, but for rough 
measurements of this kind all nuclear radii may be taken as 
equal as a first approximation. Rutlierford gives it as his 
opinion that the nuclei of hght atoms other than hydrogen are 
of the order 5 x io~^® cms. in diameter. Takmg iO“® cms. as 
approximate atomic diameter the mmuteness of the nucleus at 
once appears. 

A somewhat more elaborate scheme has been adopted by 
Bieler m discussmg his recent experiments on the large-angle 
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scattering of a particles by light nuclei. The object of these 
experiments is to investigate quantitatively the failure of 
Coulomb’s law in the case of close approach of the nuclei, 
tmd it can easily be proved that the hgliler the struck nucleus 
the smidlcr the apsidal distance <'oi resiionding to a given angle 
q> (see Fig. 2), or, in general terms, the le.s.s the atomic weight 
of the substance of the foil, the closer the appioach of the 
nuclei, h'oils of iduminium anti magnesium were theieforc 
used, the experimental arrangement lieiug that adojiled by 
Chadwick and Bieler for invc.stigating the distiibution of 
expelled protons (.see page 84). Thi* immediati* object was 
to compare the number of a particli*s scattere,d at vaiious 
angles with that to be exiiectal if tlu* mver.se squaie law held 
at all distances. Since it is known fiom the e.xpeiimeiits of 
Chadwick that the scattering by heavy niK'U'i, such as gold, 
gives the distribution to be anticqiated if Coulomb’s law were 
obeyed, the plan adopted was to compare the number of 
jiarticles .scattcied by the light nu'lal loll with the number 
scatteied by a gold foil thiough tlu' s.inu‘ angle, the angle 
being vaiiecl by using annuli of dilleient mz(‘S, isolated by 
suitable duqihiagms. 

It was lomul that while loi small angles ol s( attiuing (wbcic, 
ol couisc, the appio.uli ol nu< l<‘i is not vciv (lose; tlu* latio 
was constant, ioi huge angles the numbci si.iltcicd by the 
nuclei ol the light elements w.is sniallci Ilian il should be 
it the invcise sipiaie law wcic obeyed Hielei concludes 
that the diveigeiue honi this l.iw ni.inilesU'd in the .siattei 
mg ie.sults can bo cxpicsscd quantd.itivcly by siiiiposing 
that the nucleus po.ssesses, siqieijioscd on the Coulombian 
held, another lield ol foK'O of the levei se sign (i c. c(ni(‘.S])oii(ling 
to an attiaction ol the positive chaigej, vaiying as the ii^veise 
f ourth po wer ol the distance The lesull of such a lield is 
that at a certain distance from the centre of the nucleus there 
is a neutral surface, outside which there is a not repulsion on 
a positive charge, while inside tlieic is a net attractive force for 
the positive charge. Tlic radius ol this surface works out as 
3’44xio‘^® cms. for alumimum. lleuce at a ilistancc of 
3'44 X io~ eras, this additional inverse fourth power force is only 
one hundredth of the Coulombian force, while at a distance no 
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greater than 3*44 x io~“ cms. it has sunk to one ten thousandth 
of the Coulomhian force. This general result, that the inverse 
square law holds to within one per cent, or so for distances 
greater than 3 x lo"^* cms from the centre of the nucleus, but 
breaks down at smaller distances, is consistent with what has 
gone before. 

It has been mentioned that, on the assumption of single 
scattering, which has been so abundantly justified, it is possible 
to calculate the nuclear charge from the fraction of particles 
scattered through a given angle under definite conditions. In 
the equation (i), putting in the value of 6, we have : 
fraction of incident particles which, having been deflected 
through angle q>, fall on unit area of phosphorescent screen, 

_ y _«<4Z®e*£® cosec* \(p 
Q~ i6y* ■ 

The number n of atoms in unit volume of the metal of the scatter- 
ing foil is known from the atomic weight and the density, and 
e, E and M are accurately known, so that counts of the number 
of particles scattered at a known large angle enable Z to be 
calculated. Chadwick, repeating in modified form earlier less 
accurate experiments, has measured by such counts Z for three 
different metals, namely, platinum, silver and copper. He 
finds values 77-4, 46-3, and 29-3 respectively. The atomic 
numbers of the elements in question are 78, 47, and 29, so that 
these expenments give a direct proof that the nuclear charge is 
equal to the atomic number, a fact which is fundamental for 
modem atomic theory. It will be noted that the formula 
contains the assumption that the struck nucleus does not 
move as a matter of fact the correction necessary if the move- 
ment of the struck nucleus is considered has been calculated, 
but for the lightest atom in question, copper, it is quite 
negligible 

In short, the scattering of the a rays has been worked out 
fully on the assumptions that 

(1) the atom consists of a nucleus very small in comparison 
with the atom, surrounded by dectrons with large interspaces ; 

(2) the mass of the atom is concentrated in the nudeus ; 
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(3) the net positive charge on the nnclcus is equal to the 
atomic number ; 

and the calaxlated rcstxlts arc evcr5nvh(To in ac-cord with experi- 
ment. Rutherford’s original pa^xT is a striking (ixanxph' of the 
confidence of the great investigator of the lU'gleot of iiu's-scmtial 
detail which has its root in intuitive ixucc'ption, and which 
seems rash to the timid until repeated expeiimental supiiort fur- 
ni.shes abundant justiric.ati<jn. Rutherford takes no a<'(',ounl of 
the action of the suirouuding elections on the a paith'le either 
by clectiostatic or by tlu* magnetic, action impliiid in tlu' lotation 
of the electrons in closed orbiLs, ' 1 ‘he po.ssil)ihti(‘s that the 
accelerated passage of the a paiticle shall he accoinpamed by 
a radiation of energy either fioiu tlu' particle 01 the atom 
traversed arc not discussed In spite ol tlu' ala lining com- 
plexity of the problem presented by, .say, a gold atom, the 
simphcity of the assumptions has not picvciiti'd tlu'in covering 
in outline, at any rate, the many dilleicnt numerical aspects 
of the scattering of « lays, and olleiing tlui foundation foi a large 
body of succc.sslul woik m other diicclions. 

It may be added that Rutheifoid and Niittall deduced the 
luideai charge ol hvdiogen and helium fioiii lueasuieiueuls of 
the .scattering of a r.iys by ga.ses A beam of rays is .si-nl ho- 
tween close paiallel gl.iss plale.s, inimeised m the gas undei 
investigation, and the ionisation ])ioduced by the emeigent 
beam measured m a se])aiate chambei The gas atoms dellect 
a certain fiaction of the o paitich's against the jilales, which 
fraction is accoidingly absiuit from tlie emeigcuit beams, with 
corresponding lo.ss of ionising iiower. Allow.ince lieiiig inadi' 
for absoqition in the gas a number is liiially olitaiiu'd which 
IS a measure of the .scattcimg, not, ol eoiiise, thiough one li.xed 
angle, but thiough a langc of angles the same m all experiments, 
which allow.s the deduction ol a iidativc si'iittcimg cocHicicnt 
for different gases The scattering was found to vary diri'clly 
as the pressure and inversely as the fourth powi'r of the velocity, 
whicli indicates that the effect is mainly due to single scattering 
rather thim multiple scattering, h'rom the numi’rical rcsull.s it 
was calculated that, as.suming the carbon atom to contain si.x 
electrons, the hydrogen atom contains one, the helium atom 
two electrons. In calculating tlic scattering through the small 
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angles in question in these experiments* the effect of the scatter- 
ing by the electrons has to be considered, although it can be 
neglected in the case of large angle scattering, since encounter 
with an electron cannot turn an a particle through a large angle 
The Scattering of Particles. Experiments show that, like the 
a rays, electrons travelling with high velocity undergo scattaing 
in their passage through both solid foils and gases, and that both 
small angle scattering, and the rarer large angle scattermg 
(Lenard’s “ Ruckdiffusion ”) occur. The study of the scatter- 
ing in the case of ^ particles has not led to results of such 
fundamental importance as m the case of a particles, yet the 
large amount of work carried out has provided some valuable 
supplementary mformation, and deserves consideration here on 
account of the more pmciselrgatment of the scattenng problem 
to which it has led Detailed experimental investigation is 
more difficult with ^ particles than with a particles, smce with 
the former no method of detecting single particles, corresponding 
to the scintillation method used with the latter, is available, nor 
is a source of /? particles of homogeneous velocity obtainable 
without magnetic resolution Again, the question of single 
as against multiple scattering is less easily disentangled for 
(i than for a particles, and the effect of the electrons of the 
scattering atoms comes into more prommence than it does 
for the single scattenng of a particles There are further 
points, such as tlie \’ariation of the mass of the ^ particles 
with velocity, which will receive mention as they occur 

The realisation of the conditions for smgle scattering with 
particles is very troublesome Experiments have been 
carried out by Geiger and Bothe, and by Bothe Homo- 
geneous rays weie obtained by resolution in a magnetic field, 
and the distribution of the scattered rays was measured photo- 
graphically, the blackening of the plate forraj’s scattered through 
diHcrent angles being compared with the blackening obtained 
under standard conditions For large angles, where long 
exposures are needed on account of the relatively few particles 
scattered, the y rays give trouble by their action on the plate, 
so for these experiments a strong deposit of radium E, which 

* With the apparatus used the angles of scattenng mainly effective were of 
tlie order of one-tenth of a degree. 
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gives very feeble y rays compariHl to the other raclhim products, 
WiLS used, h'or very small tluckn(\ss('.s of stuittcring foil pro- 
portionality of the number of partieh's .scattered in a {•iven 
direction to the thickness of the foil was established, which 
indicates singh* scattering. 'Phe other laws t‘X])ounded in the 
discussion of the large angle .scattering of a rays have also 
been, by tho.se experiments, oonPunuid in outline, but not m 
detail, for the huge angle .scattering of (i niys, allowani'e being 
made for certain compli<\ating factors. The same senes of 
experiments showed clearly that for larger tIii('.kn<'s.s<‘S of 
scattering foil the laws dediK'ed theoretically for smgli! scatter- 
ing do not hold. Sul).s(‘qu<‘ntly ('hadwu'k and Mi'icier, using a 
soiiu'what different method, have confirmed tlu'se results with 
in<Teas('d ai'enracy 'Hie .soiiree ii.si'd was radium K, adopted 
for the leasons just specified, hut no inagnidK* i ('.solution was 
ntilis('(l 'Hk* .scattering foil was in tlu' foim of a img, as m 
the ('.\p('nments di'scrihed on p 8q, and the number of iiarticlcs 
seattori'd betwei'ii 20 and .^o" was measuu'd by tlu' ionisation 
produced m a hemis])licrical chamber as comjiared with that 
produci'd bv the direct ])en<il, nit down to a suitabU' fiaction 
by a rotating disc with a g<ip in it Tlu' ev])enmenteis found, 
as did ('iciger <ui(l IJolhc, tlial the scalteiiug fliiougli a givi'ii 
angle IS jMoporlional to tli<' tliiekness as long as the loils aie 
vciy thin, but that a (lep.irture fiom luopoitionality sc'is m loi 
thicker foils , that the scatteuiig is jiiojioi (ional to the siiuare 
of the atomic numbt'r ; and that tlie amount of tlu' scafti'iing 
IS m agieenient with the thi'oiv f>f single seatleiing, il the 
lelativily coirei'tion necessitated by tlu' high velocity of the 
ji ])arlicles be taken into aciount It niav bo held, tlien, 
that by n.sing very thin foils thi' single .seatleiing of /i paitk'U'S 
has b(‘('n .satisfactorily di'inoiustrated 
('rowtlu'r and Si'houland, both independent Iv and in 
collaboration, have also cariied out many 0N|)<'nment.s on (i 
ray scattering, which they intor]>rct in terms of smgh' S('atti‘ring 
'Hie method whii'h th('.sc inve.stigator.s use is to nu'asuro the 
angli' '!>, which is such that half tlic total numher of se.attored 
])artieli'S arc dellected through an angle greater than ‘l> ; <I> 
may, perhaps, bo called the angle, of half siuittoring. 'flic 
disagreement of their rcsxilts with the theory for single .scatter- 
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ing led them to suppose that Coulomb’s law breaks down in 
the neighbourhood of the nucleus at distances for which a ray- 
experiments indicate that it still holds. Considerations which 
axe now to be developed show, however, that -the experi- 
mental conditions are not such that single scattering is to be 
anticipated, and it -vrill be seen that there is no need for this 
assumption. 

To reduce the various experiments on yS ray scattering to 
order it is necessary to bear in mind, as has been pointed out 
independently by Wenzel and by Bothe, that single scattering 
and multiple scattering are merely two limiting cases of what 
may occur, the term “ multiple scattering ” being taken to 
imply a scattering brought about by a sufficient number of 
small mdependent deflections for statistical methods of com- 
putation to be vahd, and a Gaussian distribution to be assumed 
Between these two extreme cases there is the possibility that 
the number of deflections suffered by a single particle may be 
neither one nor very large ; this is -the case which Bothe calls 
Mehrfachstreuung, and which we may call plural scattering.* 
This case is naturally very troublesome to handle mathemati- 
cally, and for a rays, when both extremes can be reahsed 
experimentally, it is of httle interest. For ^ rays, however, 
as has already been stated, it is difficult to obtain the experi- 
mental conditions for single scattering, and the consideration 
of plural scattenng has simplified the interpretation of certain 
results of Crowther’s, and, in general, brought the various 
investigations into a unified scheme 

The factors which determine whether in any particular case 
single scattenng may be taken as the effective mechanism are 
the thickness of the scattering foil, and the smallest angle 
included in the distribution to be covered by the theory This 
is immediately evident when it is considered that deflection 
at a single impact througli a given angle means passage within 


*The Germans use the words JEtnzel-, Alehyfach-, and VibI fetch- streuung, 
corresponding to which, if the above suggestion be adopted, we shall have 
single, plural and multiple scattenng The notation is not very satisfactory, 
since there is no real distinction in the meaning of the words, as ordinarily 
used, either between mehrfach and vtelfach, or between plural and multiple. 
Few-fold scattering would convey clearly what is meant for the intermediate 
case, but I hesitate to propose such a word. 

A.S,A, c 
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a certain distance of a nucleus, and so for single scattering 
to prevail the scattering foil must be so thin that the chance 
of the particle passing within this distaiu'e of more than one 
nucleus is very small. Moic definitely, it may be. said tliat for 
a thickness t of foil tlie condition for single scatti'i ing is fullillcd 
if it is improbable that tlio swift partw'le jiasscs more than once 
within a certain distance ^ of a nucleus, where -p is fixed by 
the condition that, if a dellection corresponds to jiassage at 
this distance from the nucleus, then 4^ is le.ss than 9 being 
the smalli’st angle of <lellection incliulcd in tin* experimental 
data For a foil of given material and thickness p can at once 
be found, since nljtp'^ i, whili* foimula (i) gives the angle \p 
corresponding to distance p Hence the miniinum <p can be 
calculated for any given expci imentul coiuhtions h'or instance, 
m ('liadwK'k’.s expenments on tlie scattering of « pai tides 
y) turns out to be somewhat lesstlian 1", wheie.is Hu* smallest 
angle of scatteiing consideied was about ii", so tli.it the 
hypothesis of single scatteiing is ani])]y lu.stilied m these 
e.xpciiments 

In the case of Crowthcr and Schoiil.ind’s e.\p<‘uments, how- 
cvci, similar considerations lead to tla* i-onchision that the 
hypothesis of single scatteiing is not ]iistilied, but that i.ithcr, 
for the angles measured, phu.d sc.itteiing must o('<'ui, the 
(legiee of depaituie from single si'.ittering vaiying, of course, 
with the tliK'kness and material of tlu* foil Wenzel and 
Bothe have both com hided that the results ai<‘ not in conthet 
with Coulomb’s law, if tlu* ellci I of the elei lions in the 
scattering atom bo t.ikeii into account 'Hie simplest as- 
sumption to mak<* for the puipose of caleiil.it ion is that the 
negative electricity is unifoinily disliihuted tliiougliout a 
sphere of the size of the atom, siinoundiiig the nucleus this 
will give a Jirst .approximation to the distribution to be antici- 
pateci on Bohr's present views of interpenctmting orbits. Since 
only the electrons m a cylinder described about the path of 
the fi particle as axis with a radius small compared to the 
size of the atom have .an appreciable direct I'ffei't on the particle, 
it can be shown that the direct deflection produced by this 
distribution of electricity is negligible, so that the only effect 
of the electrons which need be considered is the shielding of 
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the nucleax charge, 
the formula 


Bothe has deduced for small deviations 


9 = 


aZ 

J 



where 9 is the angular deflection, assumed small, 

R is the radius of the atom, and p the distance of the path 
from the nucleus If $ is Crowther's “angle of half 
scattering,” then for single scattering 

n7tpH=^ 


and ^=j2.a (2) 

For multiple scattering, which occurs for comparatively thick 
foils, the Gaussian law of distribution is obeyed, and calcu- 
lation shows that, approximately 

^ = 2’6 a Zjjint (3) 



Thir.lt ness oF Foil 

Fig. 3 

Scattering ol j 8 rays by gold foils, compared with theory. 

Hence both for single and multiple scattenng is pro- 
portional to Jl* but the constant of proportionality is about 

* 01 couise for single scattering the number of particles scattered in a given 
direction is proportional to t, and not to but this number must not be 
confused with <I>. 
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1-8 times as great in the latter rase as in the former, for the 
same scattering material, h'or ])himl scattering the value of 
the constant is intermediate between J-z and 2-6. Rothe has 
shown that, when ‘l> is plotted again.st t, the n'snlts of Crowthcr 
and of Crowthcr and Schonland lie, in fact, beiween the ])ara- 
bola given by (2) and that given by (3), being on the single 
scattering ciiive for small thicknesses and on llu* multiple for 
laige thicknesses, as is to bo expi'oted from theoretical con- 
siderations h'lg 3 shows the results for gold foils. In shoit, 
whether single, jilural, or niulti])le siuittering occurs or not is 
merely a qiu'stion of the thickness of the foil and the magnitude 
of the angles mea.sured Jletailed coiLsidcTations, of wlih’h the 
type has bi'en sketched above, show that Iheie is no need to 
question the validity of Coulomb’s law,* nor to ('onsider a 
magnetic moment of the nucleus, as suggested by II S. Allen, 
in order to e.xplain the /f particle scattcimg lesulfs 
The mall angle scattenng of « jiaiticles, studied by (leigei, 
can be calculated theoretically on the same lines as the 
scattering of the // particles, by tieating the atom as a massive 
nucleus .surrounded by a sphere of uniform negative elect nli- 
cation. Accoiding to the theoiy d(‘veloped by Hothe the 


expte.s.sion 


«I> 




li 


is constant lor a given s(.itteiiiig inatiMi.d, 


where <I» is the angle of half scatteiing, and M, E and v are 
the mass, (barge and velo( ity of the scatteu'd paiticle. 
Tlic following table* shows that the agu'cment between the 


results obtained 

with a and ji ])aitieles is veiv fan It is 

Kay 


< 1 * Ml'- 

a 

(leigei. 


li 

Crowthcr. 

.V «7 

li 

Crowthcr and St'honland 

:v«i 

II 

Sehonland. 


li 

Geiger and Hothe 

4-4 


' 1^01 llu* tlost* appiOiU Ii t<» Uu* xuu lens whit h txT uis wilh a 

swill /X. j)articlo lired straight at thu iniclous, Coulomli's law howovor, 

break down See Chapter IV. 
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assumed that true multiple scattering takes place in both cases, 
which is justified by the thickness of the foil and the small 
angles considered in Geiger’s experiments. 

The theory of the scattering of o and particles so far 
considered still makes considerable assumptions, even when the 
nature of the scattering — single, plural, or multiple — has been 
taken into account. It has already been pointed out that, 
while the shielding action of the atomic electrons on the 
nuclear charge has been estinaated,* the direct deflecting action 
of the electrons has been neglected. This has been justified, 
since it is shown that this action must be very small compared 
to that of the nucleus It is further assumed that the collision 
is governed by the same laws as the impact of perfectly elastic 
bodies, which is equivalent to neglectmg all loss of energy due 
to possible radiation or absorption . this assumption has been 
strongly supported in the case of swift a particles by experi- 
ments already descnbed. It is well known, however, that it 
would lead to erroneous results in the case of the passage of 
slow electrons through matter, for which Franck and Hertz 
have shown experimentally that inelastic collisions take place, 
but for the very fast particles the percentage loss of velocity 
in the passage through thm foils is exceedingly small; and, 
again, experiments of D L Webster on the excitation of 
characteristic X rayshave shown that for high electron velocities 
the cliance of a quantum absorption of the electronic energy 
is very small The consideration of the excitation of radiation 
by slower electrons, and their general behaviour on passing 
through matter, receives further attention later on in the book. 

Of interest in connection with the swift electrons are certain 
recent experiments carried out mdependently by C T. R. 
Wilson and by Bothe on the paths of p rays through gases, 
the tracks bemg photographed with the help of a Wilson 
expansion chamber. Both experimenters obtain three types 
of tracks ■ {a) those showmg abrupt changes of direction through 
large angles, sometimes exceeding 90“, (b) forked tracks, similar 

* In the case of scattenng through small angles In the case of scattenng 
of the a particles through large angles, t e of very close approach to the 
nucleus, experiment indicates that the space between the nucleus and the 
moving particle at its distance of closest approach is free from electrons, 
so that there is no shielding action. See p 27 
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to those exhibited in Blackett’s photograpiis of a rays, even 
if not quite so shaiply defined, (c) tracks showing a gradual 
curvature, due to a largo number of small imperceptible 
deflections. The three types ivre ilhistrated in the ifiiotographs, 
taken by C. T, R. Wilson, rcprodticed in Plate II. The upper 
photograph shows a track witlx an abrupt cliange of direction 
of t5q)e {a), which elsewhere in it.s path .shows the gradual 
curvature of type (c). The stereoscopic pair below show a 
fork of type (b). Tracks of t3q)e (a) c<irrespond to deflections 
of tlie particle <lue to close approach to a nuolexis, and Ruther- 
ford's theory can be applial to them, although, strictly speaking, 
a correction, which has been worked out by Darwin, .should 
be applied to expre.ss the effect of the change of mass with 
velocity of the electron on the shape of the orbit Wilson, 
using the simple theory, has deduced, from the fraction of 
the (i particles observed in his photographs to be deflected 
through more than go°, the nuclear cliargc of the scatteiing 
atoms, and finds for it 6*5^, which is as close to yc, the nuclear 
charge of the nitrogen atom, as can be cxjiei'ted fioin the 
experimental conditions Similarly Bothe, taking the nucle.ii 
cliargc as •je, calculates the fraction of the jiarlicles winch 
should suffer deflections exceeding 45® in a given length of iiatli, 
and gets fair agreement with his expcuinumts 'I'lie foiked 
tracks (i) are due to the close collision of tlie fi particles with 
an atomic electron, which itself acquiies so huge a veliKuty 
that it constitutes a secondary ray and iinxlueos ionisation 
of the same order as that attending the oiigmal jiartich*, which 
proceeds with diminished velocity. The angle bcdwei'ii the 
two piongs of the fork is approximately <jo", which, as ])()inted 
out in connection with Blackett's experiments, Ls the angle 
corresponding to elastic impact of a particle upon one of ecpial 
mass. Bothe takes account of the relativity change of mass 
of the p particle, which makes the angle somewhat less than 
90®, e.g. for an original velocity of 7 that of light the angle 
works out to be 85®. The agreement with experiment is good. 
Both calculation and experiment, again in fair agreement, 
show that forked tracks which entail appreciable diminution of 
velocity of the primary p ray due to the origination of a 
secondary P ray, are of comparatively rare occurrence, so that 



PLATE II 





Fk; 2 

/:#-Kay Tiacks. (C. T K. Wilson ) 

Fig, I. Tiac-k showing both Abrupt Change of Direction and Gradual Curvature, 
iMg 2. Double I’hotogiaph of Foiked /Ji-Ka} Tiack. 
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in considering the multiple scattering and absorption of jS rays 
the secondary radiation may be neglected. It has, however, 
disturbed some of the experiments on large angle — ^single — 
scattering of ^ rays The tracks of type (c) often appear to 
exhibit a persistent curvature in one direction, to explain which 
somewhat strained quantum considerations have been invoked, 
but a careful study of the tracks by Bothe has shown that the 
effect is a physiological one, due to some tendency in the eye 
to join up random points into a smooth curve. Tracks made 
up artificially, by a draughtsman, of a large number of purely 
random small deflections show the same general character as 
the curved jS rays track The mechanism assumed for multiple 
scattering is therefore justified by the photographic records. 

Loss of Velocity in Passive through Matter. In considermg 
the multiple scattering which occurs when a particle passes 
through matter under conditions which have been specified, 
the main difficulty lies in the summation of the individual 
small deflections, which themselves have to be averaged 
These cannot, of course, be added, since they are in random 
directions, but have to be compounded in a way which involves 
difficult considerations of the Gaussian distribution law, dis- 
cussed by Bothe in the course of the investigations to which 
reference has been made in the previous section. The question 
of the loss ol velocity, or absorption, of the swift particles is in 
a sense less complicated, since tlie elementary losses of velocity 
at separate encounters with atoms can be simply added Since 
work on the diminution of velocity in passing through matter 
has led to certain estimates of the nuclear charge it may be 
well to outline certain methods of investigation. It is assumed, 
both in calculating the small angle scattenng and the decrease 
of velocity of the particles, that the single deflections are very 
small — ^the paths of the particles, although slightly bent, are 
taken as straight lines in calculating the action of a single 
atomic electron The force between an electron* and a rapid 

* C G Darwin has shown that only il the particle passes very close to the 
nucleus is the influence of the central charge on the velocity important The 
cases of close passage arc compaiatively rare, and lor absorption, m the sense of 
diminution of velocity, the effect o± the nucleus may be neglected. The mechan- 
ism of single scattenng and of absorption of particles is thus essentially different, 
which explains why we can treat them separately as different phenomena. 
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particle will have* a rcsullanl cinu])()m'ut at right angles to the 
path of tlie particle, and this will load to a transfer of energy 
to tire electron, and a eonscMpient loss of vohx'ity of the particle, 
as well as a small dclloction. 'Hie calculation of this loss of 
energy gives the loss of vi'locity of the particle with which we 
arc now c(jn<'cm(>d. 

It is obvious that tlu' el'icet of the passage of a particle psist 
jutt electron will dejiend upon whether the ehx'.tron bi! assuimxl 
to move so as to be in ccinilibriuiu at any instant with the 
forces acting (the interatomic forces and the fonx' due to the 
moving electron) or whether it he assumed that the jiassage 
of the puitiele is so rapid that tlu* eh'ct ron will not movt! aiipi eei- 
ably duiing the slioil iinu' of near passage of the partich'* 
'Ihc dilTeience is that eonsideied in the tlieoiy of the ordinary 
and ol the ballistic galvanometei . ) ) 'riiomson, in a luoneer 

investigation, assumed the electron to i)i“ at lest and vciy 
weakly hound, so that the cllect ol the mtt-iatoime lorees 
was at most to add slightly to the iiustia ol the election. 
A simple calcul.ition shows that il thi' paiticie (mass M, 
charge li, velocity v) lie deilecled tliiougli .in aiigh' zO with 
communication ol eneigy / to the (‘lection (m.iss < li.ngc c), 
tlicn 


and 


... _ I _ A'- 

» - / , , .oSin-'O, 

(A/ I /« 


wlicro 


Ue Af -I in 
Mm 


Now the probability of passage at a distanci* hetw(“en [> and 
p +(//> from an electron is 

27 ip .dp . n/A, 

since nZ is the total number of (‘lectrons iier unit volume. 


* The iiiiie of collision is not a clcliniic tiuantily, but w coiuswlexed to be of 
the same oulei ol nuignitiulo as the txine taken by the particle to travel a 
diatance comparable with the <iiuintity p called the impact parainefer. 
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Hence the loss of energy for passage at this distance is 


I 

mv^ 


iTtp . dp . nZt 


,1 , _ 4}tE^eHZt ^0 

or total loss of energy =L =-2^ = — 

mv^ Jo 


pdp 
p^ + k^‘ 


The difficulty is to decide as to the upper limit of the integral * 
if it be taken as oo the loss of energy is oo . J. J. Thomson 
fixed po more or less arbitrarily He obtamed the result that 
the square of the energy of the particle, i e. the fourth power 
of the velocity, diminishes proportionally to the length of the 
path in matter This law has been verified by Whiddmgton 
for cathode rays, and the formula 


v^-v^=^kx 

is sometimes known as the Thomson-Whiddmgton relation. 

Following on this investigation of J. J. Thomson’s, Bohr 
showed how to avoid the difficulty as to the limit of the electron’s 
sphere of influence to which allusion has just been made 
He has worked out the loss of velocity of a high-speed particle 
passing through matter on the assumptions : 


(1) That it is due to transfer of kmetic energy to the electrons 
of the atoms traversed 

(2) That the electron is bound in the atom by forces which 
give it a free penod, the free period being large compared to 
the time of collision (sec footnote, p 40) for colhsions in which 

p IS ol the order of magnitude of ^ — 

The second assumption enables us to neglect the influence of 
the atomic forces, and treat the electron as free, except for 
collision m which p is great compared to k, since in other cases 
the collision is over before the electron has been appreciably 
displaced * Bohr deduced the formula 


dv _ 4716® v^kMm 

v,eE{M+m)’ 

* lip IS large, so that the particle passes at a great distance from the electron, 
then a continuous cquilibnuni is established between the two forces actmg on 
the electron — the interatomic lorce and the force due to the passing particle 
— and after the passage the electron returns to equilibrium without having 
acquired energy from the particle. 
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whore v is the velocity, and tliero anj r clc'ct rons in each atom, 
of frequencies j>,, I'a,. . .v„ n being tlie irninber of atoms per unit 
volume. Uliis is in agreement with the empirical formulae 
for the diminution of velocity of the a rays in passing through 
matter, if tlie effect of the logiuithmic term, whi<'.h cannot in 
general be exactly evaluated, b<* approximately estimated. 
The cliief interest here is that Hohr, assuming («) the nuclear 
atom, and ( 6 ) the frequenev of the electrons to bo that deduced 
from the refraction and dispersion of gases, was able to show 
that the experimental values for the absorption of (t rays in 
hydrogen and helitim agreed with those fouiul from this formula, 
taking the immber of extnuuielear ehrlions to be i in the 
hydrogen atom, 2 in the helium atom These mmibers are 
those found by Kuthei’ford from a considerat ion of t he .scattering 
of a particles by the gases, and all evidence obtauusl smec has 
confirmed them. 

The Behaviour of very slow Electrons. Hofoic ('losing this 
chapter it may be well to say a woid of llu' behaviour towards 
atoms of moving electrons oi low velocity 111 (oiitmst 
to the swift electrons .so far eoii.sidt“red We have seen 
that the cross-section jier atom which is whaiiwei mi'chamsm 
may be assumc'd- ellectivc m absorbing ('athodi* lays 
mcrcasc.s rapidly as the velocity of the (‘Icrtron diminishes 
For lays below a ccitain critical veloi^ity, which vanes foi 
different ga.sc.s, 1 ml is of the ord(T of 10 volts, tlie absoibing 
cross-section reaches a constant value, winch is loughlv e(]ual 
to the whole gas-kmetic cioss-section ol the atom. (In the 
case of hydrogen, winch behaves anomalously with udi'iencc to 
absorption in general, the absoihing cros.s-.scetioii is gu'ater 
than the gas-kinctic cross-scclion.) 

llic question is bound iqi with the loni.sation potential and 
the resonance potential, which are further discussed in ('hapter 
XII. m connection with scries spectra. It has beim shown by 
experiments of Franck and Hertz that for vt'iy low velocities 
the electron behaves as if it were itself a minute gas molecule : 
the clfcctivc cross-section of the gas molecule is that deduced 
from the kinetic theoiy, and the impact follows clastic laws, 
with practically no loss of velocity of the electron, since the 
mass of the molecule is relatively so great. In this case there 



PASSAGE OF SWIFT CORPUSCLES 


48 


is no ionisation or radiation. For the rare gases, metallic 
vapours of small dectron affinity, and certain other gases, as 
the vdodty of the dectron is increased certain values are 
reached, for greater vdocities than which the dectron loses 
energy on impact, the energy being converted into light energy. 
The corresponding potentials are the resonance potentials. 



Fig 4 

Bcliavioiir of iiiort gases towards very slow electrons 


Further increase of vdocity bnngs us to a point at which 
ionisation sets in • electrons possessing this or greater velodties 
remove an electron from the atom when they traverse it, and 
lose a corresponding amount of energy 
Elastic impact takes place, then, for dectrons having vdo- 
cities below a certain limit, which varies for different gases. 
For all such velocities the absorbmg cross-section is in general 
roughly equal to the gas-kmetic cross-section : for somewhat 
higher velocities the dectron passes more or less fredy through 
the bulk of the atom, and loses energy, which appears as 
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radiation. Ramsancr has recently shown, however, that there 
are striking anomalies with the inert gases. 

As the velocity of the inekhmt eltH'trons is diininishccl the 
absorbing cros.s-section first inoroa.ses to a tua.'cinium whioJi is 
many times the gas-kin(sti(^ cro.ss-.st‘cli(m, and then diminishes 
to a V£iluc which is only a small fi-su'tion of it. 'I'hus with 
argon the cross-section is only one-sevi'nlh of the g.'i.s-kinctic 
value for elcctron.s of v(5lo<'ity 75 volt. h'ig. .j shows the 
behaviour of the gases xenon, krypton juul aigon • the .same 
abnormality is obsisrved, hut to Ji k'ss degree, for ne,ou juid 
helium. The cuive for hydrogen, which has jin sdaioimal 
absorjition for electrons of low veloeitv, is also shown in h'ig. 4, 
Attempts have been made to cxiilain tins unex])('cted Ix'haviour 
of the inert gases llnnd, for e.\anr|ile, has jait foiwaid a 
theory in which the very slow ek'ction.s aie dellected witliin 
the atom through angles of esr or multipli's of j.i, so that they 
appear to p;is.s freely through llis theoiv is open to <i gnat 
many objections, and, m genei.il, it may be said that no valid 
explanation has .so fai been olli'ied 'I’lit* plK'nomenoii is 
obviously one that must bi' taken into iic( omit in .iiiv attempt 
to construct a theory ol the pass<ige ol veiy slow elections 
through matter 

As this mattei is going to jucss Ihodc has piiblisiicd an ac- 
count of investigations on tli<‘ absoiptioii ol slow eie< lions 
which conlirin Rainsaucrs icsults loi th<“ iiieit g.uses, and 
furthci indicate a .simihii inaMiiuim ol ahsoijition loi methane, 
so that the. meit gases aie not alone m then heliaviom 
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CHAPTER III 

RADIOACTIVE CONSIDERATIONS 

Littoductoiy. The importance of the phenomena of radio- 
activity for speculation on atomic structure is not far to seek. 
In the first place radioactivity is an atomic property, aU radio- 
active changes being entirely independent of the state of 
chemical combination of the radioactive atom, and of the 
physical condition of the compound, so that the changes and 
eruptions can be referred direct to the atom itself. The fact 
that helium nuclei and electrons are shot out by radioactive 
substances indicates that they must be constituents of the 
atomic structure, at any rate of the heavy atoms in question.* 
Since we cannot, by the most drastic physical and chemical 
means at our disposal, affect in any wayf the quality or 
quantity of the mam radiations from radioactive substances 
these processes must have their first origin deep down in the 
atom, in or near the nucleus In fact it may be said, summaris- 
ing results to be discussed, that radioactivity and mass are 
properties dependent on the nucleus ; chemical nature and 
spectra are connected with the distribution of the extra-nuclear 
electrons, and only indirectly with the charge on the nucleus 
Radioactivity also provides us with a means of studying 
directly the properties of single atoms. The energy of the 
a particle is so great that one particle produces ionisation, or 
(on impact with a phosphorescent screen) luminosity sufficient 

* Theie is, of couise, a possibility that the helium nucleus may be formed of 
four hydrogen nuclei during the process of emission, but this hypothesis has 
nothing to recommend it, and so is, at present, a needless comphcation 

f Presumably the soft y radiations, which have been identified with the 
IL radiation of lead and bismuth, could be excited to a small extent by heavy 
bombardment. 
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to reveal its presence. In the foregoing chapter we have seen 
what important conclusions have b<!en drawn from <‘xpcrimcnts 
on the scattering of a particles ohsoi-veil by this latter method. 
In Chapter IV. will be described the way in which the a particle 
has been nsed to break tip the nuclei of otlua* atoms. In the 
present chajiter we consider among other things tlus origin of 
tliis projectile and of tluj (i j)arti(‘l( 5 , and ceitaiu evidema! as to 
the constitution of the nucleus obtained by a study of the 
properties of radioactive substances. 

Origin of the o and ^ Particles. 'I'he a parlich' comes from 
the nucleus. Its .security from external inlluenees, its (‘uonnous 
energy, sinil, above all, the fact that (taking tlie nuclear theory 
as establislied) there is nowhere else for it to eome from, since 
outside the nucleus are only clcction.s, 11,^ this origin 

In a single radioactive cliangc, accompanied by a ladiation, 
one a particle is lost per atom. This has been pi oved by count- 
ing the number of a particles expelled per unit liin<‘ by a given 
mass of radioactive clement, cither by counting scintillations 
or by Rutherford and (Icigcr’s method of dctectmg tlie passage 
of single a particles * The number so counted is found to be 
equal to the number of pai tides Ineaking down jmt unit time, 
deduced from the ladioactivc constant A in tlie ordinary decay 
formula N—N^e-^' .Strictly, this only pioves that when a 
large number of radioactive atoms uiuleigo one a ray trans- 
formation an equal number of a jiai tides aie ep'cled, but the 
assumption that each atom emits out! particle follows natiiially, 
and has been abundantly justified by the .snnphcity which it 
has introduced. 

An important projHTtv of the a juii licit' is that m the traiw- 
formation ol a given kind of atom it lias a single lixetl velocity 
of emissioii, and consequently a fixed range in a given gas, 
characteristic of the atom in question, 'rims ladium changing 
to radium emanation (niton) emits a particles of initial velocity 
i-6ixio» cm./sec. and range 3-30 cms. : nulium C omits « 

* This inotlujcl utilisch the ionisation by ooUisidu, which place when 

ions aie accelerated in a stiong elcotiic lidcl, to measure the (.lircct ionisation 
pHxlnccd by the passage of a single particle The momentary current so 
onginatcd by each paiticleis detected by a string ehvt ronieter. See Uadio- 
active Substances and their Radiations, by K. Ruthei ft)r<i. Cambridge Univeisxty 
Press. 
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particles of initial vdocity 2-06 xio® cm./sec. an<^ range 6*94 
cms. This range, given for air at normal pressure and 15° C., 
is an extremely important constant, and is connected with 
the life-period of the radioactive atom. 

The origin of the j8 particle is not as immediately evident 
as that of the a particle, since dectrons are present both in the 
nudeus and outside the nudeus. The question is discussed 
at the end of the chapter, when further evidence has been con- 
sidered, but a few weU-establidied facts which bear on the 
question may be called to mind here. The ^ partides have no 
single vdodty of emission for a given atom, but a range of 
velodties. In the case of certain radioactive dements there 
are, in addition to partides having a continuous range of 
vdodties, others with sdected homogeneous vdoaties. When 
the jS rays are spread out in a magnetic fidd, so that rays of 
different vdodties follow different paths, and allowed to fdl on 
a photographic plate, there is obtained a so-called ^ ray spectrum 
in which the rays of homogeneous vdocity appear as lines, ana- 
logous to spectral lines, upon a continuous background. There 
is, in consequence of this lack of uniform vdocity, a possibihty — 
which has been recently shown to be a very strong probabihty — 
that the /5 partides do not all onginate in the same part of 
the atom Certain particles proceed from the nucleus, while 
others arc ejected from the extranuclear parts of the atom 

It IS an observed fact that atoms which give a line spectrum 
of ^.rays also emit charactenstic y rays, or, in other words, a 
well-marked hne spectrum of y rays, while those which give a 
continuous [i ray spectrum give only a weak y radiation. This 
is important in view of the mechanism of emission of jS rays, 
which remains to be discussed. 

Although the non-homogendty of vdocity of the rays con- 
trasts with the homogeneous velocity of the a rays, there is a 
feature which both dasses of ray have in common. Experiment 
has indicated that only one /S particle is emitted from a single 
atom undergoing a ^ ray change. This is not established by 
direct experiment wi thin so small a margin of error as the 
similar proposition for the a rays (the possible error is round 
about ten per cent.), but indirect evidence from the theory of 
isotopes offers a strong confirmation. 
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BadioactiTe Isotopes and their Importance for Nuclear Theory. 
Wc now consider the very important generuUsation, wliich 
was put forward by several investigators independently in 
1913, concerning the a tmd /J ray changes, and the place in 
the periodic table of the prodticts of these changes. Karly 
in the history of radioactivity it was discovered that certain 
of the radioactive elements, detected as such by their unique 
radioactive properties, could not be se.panit(5<l chemically. The 
case of thorium and ionium, which Holt wood, lattir supi)ortcd 
by Au(‘r von Welsbach, pronounct'd insi'parabUi, and the case 
of the thorium products radiothorium, mesolhorium r, and 
thorium X, of whicli radiothorium is chemically inseparable 
from thorium, and thorium X iiusejiarable from raclmni and from 
mcsothorium x, may be especially cited, and many other 
instances arc now known. 

All the radioactive elements may be arranged in the columns 
of the periodic table according to their clicaiiK'al .uid electro- 
chemical properties: from what has just bc'cii said the same 
place will, in general, be occupied by mote than one element. 
The generalisation to which reference has been made then 
appears. The product of an a luy change is shifted by two 
places in the table, as comjiaied to the paient i^lement, the 
shift being in the direction of dumnishing atomic weight or 
increasing negative valency. The piodnct of a (i i.iy change 
is shifted by one place as coinpan-d to its ])arent, the .shift being 
in the opposite direction, that of increasing positive valwicy. 
'Tims an a ray change followed by two (i r.iy changes will lead 
to a product occupying the saim* place in the peiiodic. table as 
the original element, while at the .sam<> time the total alteration 
of charge is zero 

Tlic change of mass to be c.xpected on the lo.ss of an a particle, 
whose mass is roughly four times that of the hydiogen atom, 
is four units : that on the loss of a /? particle, of negligible iniuss, 
,is neghgiblc. Hence we arrive at the conclusion that atoms 
of different mass can have the same chemical properties, and 
ISO occupy the same place in the iicriodic table. From this 
property they are called Isotopes. 

Of the radioactive elements, the atomic weight has been 
directly determined for thorium, unmium, radium and niton 
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only, and these determinations confirm the hypothesis. 
Uranium I has an atomic weight 238, and three a paxtide trans- 
formations with two p particle transformations produce radium, 
atomic weight 226=238-3x4. Radium is transformed to 
niton with the loss of one a particle only, and the atomic weight 
of niton is 222. Thorium is in a different series, and so cannot 
be used for this check. 

Fig. 5 diows the distribution of the radioactive dements in 
the periodic table in accordance with this theory of a and j5 ray 
transformations. The number at the head of the vertical 
column gives the charge, which we take to be the nudear charge ; 
it is d im i n is h ed by 2 for an a ray transformation and increased 
by I for a ray transformation. The horizontal rows give 
the atomic weight. This figure exhibits, then, the radioactive 
isotopes. The method of positive ray investigation initiated 
by J. J. Thomson, and continued with such success by Aston, 
which is discussed in Chapter V., has shown that isotopes exist 
for a large number of dements other than radioactive ones. 

It wUl be seen, from inspection of Fig. 5, that there are various 
leads (by a “ lead ” is meant any product of the same atomic 
number as ordinary lead) of different origin, such as the final 
product of the uranium-radium series, formed when radium F 
loses an a particle, and the final product of the thorium senes, 
formed from each of the two branches of the thorium chain. 
These should have different atomic weight : the number of 
a ray changes involved in the transformation of radium, of 
atomic weight 226, to uranium lead, is five, whence the atomic 
wdght of the latter product should be 206, while similar con- 
siderations show that the atomic weight of the thorium lead 
should be 208. Now, it has been experimentally establidied 
that lead found in thorite (which has presumably been formed 
by the degeneration of thorium) has atomic weight 20777, 
while uranium lead has atomic weight 206*08. This is a striking 
confirmation of the theory of isotopes. (Ordmary lead has 
atomic weight 207-19, and is presumably a mixture of isotopes.) 

The nuclear theory identifies the mass of an element with 
the mass of its nucleus, and refers the chemical and spectro- 
scopic properties to the distribution and number of the extra- 
nuclear electrons, which is governed by the nuclear charge. 
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To agree with this the a partide and particle concerned in 
the radioactive change must both come from the midcus 



rio 5- 

Disliihutiou of uidioacUvc cU'nients, sliowmfj isotoju's. 


(although, of course, the possibility still remains that the /8 
particle which leaves the nucleus is not the same particle which 
issues, but remains in the extra-nuclear stnicture of the atom, 
and dislodges an doctron from it). The fact that the a partide 
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is always emitted with the same velocity, and that an a ray 
change is never accompanied by y rays except when rays are 
also emitted, indicates that the a particle must be able to escape 
without appreciable communication of energy to the extra- 
nuclear electrons, a fact remarkable enough. The non-uniform 
velocity of the jS particle when it finally leaves the atom may 
be attributed to interchanges of energy with these electrons, 
accompanied by y radiation. 

That the electrons constituting the j8 rays do not in all cases, 
at any rate, come from the nucleus is, however, indicated by 
certain experiments of Hahn and Meitner, who have shown that 
though radium and radiothorium both emit a and radiation, 
in each case only the product corresponding to the a radiation 
can be detected. If the radium nucleus lost an electron it 
should give rise to an isotope of actinium, and the percentage 
of radium atoms which lose electrons is large enough to make 
the detection of such an isotope, should it exist, quite feasible. 
Careful search has failed to reveal it, or the product to be ex- 
pected if the jS particle emitted by radiothorium came from the 
nucleus. It seems natural to suppose that the particle in both 
these cases is somehow ejected from the extranuclear electrons. 
The highest velocity of a homogeneous radiation is in each 
case about 65 times the velocity of light, so that we can have 
electrons discharged with this velocity from the extranuclear 
structure. We shall sec later that all but the hardest of the 
homogeneous y rays also originate in the extranuclear structure. 

The Range oi the a Particle. One of the most striking pro- 
perties of the a particle is that it is expelled with a definite 
v elocity charac tenstic of_its parent element. This velocity 
varies for different elements from 1-45 to 2-22x10® cm /sec , 
and the correspondmg energies of a smgle o particle are 
•645x10“® and 1-53x10"® ergs.* Another characteristic of a 

* The energy corresponding to the haraest y rays measured by Ellis (see 
page 59 et seq.) is in the neighbourhood of io’-‘» ergs , the energy correspondmg 
to removing an electron from the K orbit of a radioactive atom is round about 
I 6 X 10“^ ergs. Vanations in velocity corresponding to the first named 
would easily be detected, so that it appears that all a rays are emitted from the 
nucleus under similar conditions, rather than, as might be alternatively 
supposed, some with lesser veloaties than others, the difference between the 
greatest and the lesser values of the energy being radiated as hard, or nuclear, 
Y rays. The possibihty that some of the a rays may lose energy in exciting 
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radioactive dement is the half value period, and there is an im- 
portant empirical connection between this and the velocity of 



I'’I0. (). 

Connet turn between langc of a particle and tiaiisloi luatioii ( ousl.uit loi 
ladioativc elements. 

(The lengths ol the houiaontal lines in the ciiclcs in<luat<‘ tin* ol 

prcubion ol the measurements, being twice the mean tuioi ol sovcual 
determinations, expressed on the logaritlmuc .scale ol the diagram ) 

the a particle, which is quahtativdy expressed by saying that the 
shorter be the period of the element, the greater the velocity of 

Y rays m the K and L levels does not seem to be excluded, since the l().s.s of 
energy occasioned would not lead to sufficient variations of velocity to be 
detected by present methods. 
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the particle. Quantitativdy Geiger and Nuttall have found 
that the relationship is approximately expressed by the formula 

logA=il+BlogR, (i) 

where A is the transformation constant of the element, R is 
the range of the a particle (in air at n.t.p., say) and A and B are 
constants. The range I? is a function of the velocity, inCTeasing 
rapidly with it : empirically aR=v^, where v is the velocity. 
Formula (i) therefore expresses a relationship between the 
period of transformation and the veloaty with which the 
a particle is discharged. B is a constant which has the same 
value for all three radioactive families, but the constant A has 
difEerent values for the uranium, thorium and actimum series. 
Fig. 6 exhibits the facts graphically accordmg to the latest 
determmations of Geiger. 

The relationdiip holds very well for the uranium series, and 
not quite as well for the others It is m any case a good enough 
formula to begm with, and considering the scarcity of quantitive 
relationships in the field of radioactive change, has considerable 
value. It obviously bears upon the properties of the nucleus, and 
wiU have to be considered in any theory of nuclear structures. 

Lindemann has sketched a suggestive theory to account for 
formula (i) He supposes that the nucleus contains particles 
executing periodic motions, and that it becomes unstable when 
N independent particles pass some unspecified critical position 
in time t. Further, the frequency of oscillation of the particles 
is assumed to be given by the quantum relationship hv=E, 
where E is the energy of the expelled particle. These assump- 
tions lead at once to the result that, the greater E, the greater 
the instability of the nucleus, but they are entirely ad hoc. 
They give X quantitatively in terms of x and h To get a value 
for T somewhat fantastic assumptions are made — t is assumed 
to be comparable with the time taken by a wave of stram to 
traverse the nucleus (which for this purpose is treated as a 
homogeneous positive charge), and is thus obtamed in terms of 
the radius and mass of the nucleus. Substitutmg in the 
empirical formula, the constants of that formula are obtained 
m terms of the nuclear charge, mass and radius, in the form 

log A=N ^30-819-1- log -^^^^^^^^ +iN log R. 
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Comparing with the empirical vahie for />*, we find that N= 8 o, 
and taking the empirical value of A for the nidium family, we 
find that the radius of the nudcus /--=,p85xi<)-‘3 cms., which 
agrees with Rutherford’s estimate. The theory is obviously 
oxily tentative, but in the absence of any more precise ideas 
of the mcdianisni of the nudeus, it is well worthy of attention. 

The y Bays and the p Bays.* The y rays are cleetroiuiignctic 
waves of tlie same nature as visible light waves, but much 
sliortcr wave-length. The y ray spcetriun of radiiun li and 
radium C has been investigated by Rutherford and Andrade, 
who made use both of the refle.xion at a crystal face and tlxe 
method of transmis.sion thiough a (Tystal f 'rhe spex'tnun so 
dcternumxl consists of a number ol cliscrtite lines, who.se wave- 
lengths vary between 72 x Kr** and i-j. x i<> •• eui. : it is not 
yet definitely ostablislied if there is a continuous baekgiound 
to the .spcctnim. The .suiter lays eoiueide within tlu* hunt of 
experimental erroi with lines in the L s(‘nes ol the X-iay sjiedia 
of lead and bismuth ; of the haidei luys sonu*, hut not the most 
pCHCtnitini', eoiiK'ide with hues m the K senes ol tlu' s<une 
elements. This lact, which i.s fitiuly established, is a veiy 
important conlnmation ol tlie theuiy ol isotopes, winch bears 
so closely upon the (pu'stion ol atomic slim tuie l''‘oi, aci'oid- 
ing to the radioactive liansloimations m tlie ladunn .senes, 
nuhum 15 should he au isotope ol lead, ladiiiin (' an i.sotope ol 
bi.smulh, as can he si'en honi Ing 5 Now, the oidinaiy 
X-iay speeti.i aie governed by tl»‘ iiuele.ii (liaige and not by 
the mu'leai mass, since it is tlu* ehaige which deleniiiues the 
number and motions ol the exlianneleai elections l.sotopes 
should theieloic have the same X-iay .specti.i the identity of 
the spectia wliidi can he excited by eathodo hoinhaidinent or 
by hard X-rays in lead and bismntli with sunu' ol tlu' Iuk's ol 
the sell-cxcited y lay spectium of ladinni ii and conihms 
the results reached from eliemii'al evideni'c. 

* In tlic test of this cluiplci a coriaiii knowledge of modern woik on X-ray 
Spectra is assumed, although the woik is not discussed until Chai>ter XI 3 1., 
which may bo consulted, if necessary, befoic reading fuithor, as to the meaning 
of the K and L Icvcds. 

, f For details consult X-Rays and Crystal StYucturs, by W, H. and W. L. 

G. Bell and Sons. 
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COMPARISON OF y RAY SPECTEtA OF RADIUM B AND C 
WITH X-RAY SPECTRA OF LEAD AND BISMUTH. 


Radium B and C 

* 72 xio"^cnis 

•99 

I-I5 

1-37 

1-59 

1- 69 
1*96 
2*29 
2*42 

2- 62 

2- 96 

3 - 24 
4*28 

Radmm B 


•793 10-8 fn 

•809 m 

838 m 

■853 m 

917 / 

'953 wt 

•982 s 

I 006 m 

1*029 m 

I '055 / 

1*074 / 

I 100 / 

1*141 m 

1 175 s 

I 106 m 

I 210 / 

I 260 / 

I 286 / 

1-315 / 

I 34‘> «« 

1 -365 «» 


Lead. Bismuth. 

(Nuclear ongin ) 

1-42 -K 1-39 -K. 

1-59 A. — 


(Nuclear ongm.) 


(Nuclear ongm ) 


— -793 L. vf 

— -Sio L. / 

8371. »» — 

(Nuclear ongm ) 


— 


-922 L. 

/ 

•950 L 

/ 

953 L 

m 

*980 i. 

s 



1*005 ^ 

I 

— 


— 


1 057 L. 

vf 

1-087 ^ 

f 

— 


— 


I 141 L 

vs 

1-17^ L 

vs 

— 


1-184 ^ 

m 

— 


E 


1 313 L 

f 

1*345 L 

/ 

— 



In this table the letters K and L denote the X-ray series m 
which the lines, whose wave-lengths are given, are found for 
the element named at the head of the column. The letters 
s, m, f denote intensities as strong, medium, and faint ; the 
V prefixed denotes very. It will be noted that, especially when 
intensities are considered, the spectrum of radium B corresponds 
much better to the L spectrum of lead than to that of bismuth 
Tlie attribution of nuclear ongin is based Tjpon the work of Ellis, 
to be described. 

We see that while a majority of the homogeneous 
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y radiations incasurod by RuthiTford and Andrado can be set 
down as balonying 1o thi* ordinary X lay spi'ctra of the 
atoms in <iucstiou, sj^rtra whu'h have their origin in inter- 
changes of elecli’ons atnong tht! «‘xtranudi‘ar systeiu,* a few 
of the most penetrating cannot ins attributed to this source, 
but mvist be referred to tlui nucleus. Re(u*ully still more peno- 
rating y niys have, been detiv.ted l)y a method which has been 
nuch usetl of late for measuring the wave h-ngth of radiations 
of X-ray fiecpiency. Wlam such radiations fall on a meUil 
electrons ar<! liberated with a velocity which depeiuls not on 
tile intensity biit on the fnspumey of the incident waves. The 
method utilises the (juantum relatjonship wluc.h exists between 
the fieqm'ncy and the velocity, uamt'ly 

K hyp ( 2 ) 

wluTc Ji is the energy of tin* hbeiated election, >> is the 
frequency, and h is Plain k's (oust.int Tins ecpiation is some- 
times known <is ICmsteui’s law, since it was lust applied by 
ICmsteili to the ])hotoele( tin eltect 1m>i elections W’ho.se 
velocity does not approach that ol light, K hn^v'^, wheie v is 
the velocity with which the I'lectioii leaves the atom, and is 
the ro.st-mass ol tin* electron. P lepresmits the work leipured 
to reiiiovi* the el<‘ction from the inlliU'iK'e of the atomic 
foices . if the election weie not bound at .ill it wouhl acipiiie 
the full velocity given by hr. 

This quantity /'has not a single lixed v.iliie, but foi a given 
atom may ba\e any one of a senes ol distietc’ v.dnes, since, 
as IS discus.sed iiioie fully in tin; sei ond li.ilf oi the book, the 
e.xti amicli'ar electrons fall into certain gioiips, or eiieigy levels, 
chaiacteiised e,i('h by a dilleieiit stri'iigth of binding ol its 
electrons /' is gi eater for tin* so-ndled K level than lor the 
L levels, greater foi the/, levels than for the M levels, and .so on. 

Equation ( 2 ) has been verified by cxpeiiiuents on the photo- 
electric effect, and incidaitally its coulirmation gave stiong 
support to the quantum tlieory before the great rush of evidence 
an secours du vaingueur. Measurements of the velocity of the 
liberated electron can, tlicn, be made to give the frequency 
of the liberating radiation, so long as there is some way of 


* See Chapter Xlll. 
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fixing the appropriate P they have been so applied by 
O. W. Richardson and others in the case of ultra-violet light 
of very short wave-length, and especially by de Broglie in the 
case of X rays. On the other hand, if the frequency of the 
liberating radiation be known, and the velocity of the liberated 
electrons be measured, the value of P, the work required to 
remove an electron from the various levels of energy within 
the atom, can be obtained. This method has recently been 
applied by H. Robinson with great success. Now, it has been 
shown by Rutherford that if the general y radiation from 
radium B and C be allowed to fall upon heavy metals, such as 
gold, then electrons are emitted from the metal in groups, each 
of which has a well-defined velocity. From this velocity, by 
suitable methods, can be deduced the wave-length of the yrays. 

In the experiments carried out on the subject by C. D. F-His 
the velocity of the liberated electron — ^which will be referred 
to as secondary /3 radiation — is measured in the usual way, by 
letting it travel in a strong magnetic field which produces a 
curvature of path dependent on the vdocity. The photo- 
graphic plate IS so arranged that all rays of a given vdoaty, 

* e. of given curvature of path, come to a comparativdy sharp 
focus u})on it, in sjiite of variation of direction of projection ;* 
it records the spectrum of the secondary jS radiation as a series 
of well-defined lines The source of the /3 radiation is generally 
a piece of metal loil rolled round a fine glass tube contauimg 
a large amount of radium emanation, which, of course, deposits 
radium B and (1 on the walls of the tube. Suitable lead screens 
arc employed to protect the plate from direct radiation, and 
the whole apparatus is enclosed in an evacuated box In Fig. 7, 
.S' is the source, AB the photographic plate, L a lead block 
protecting the plate from direct radiation, and Fi, Fj, Fg, lead 
screens for the same purpose 

With the metals tungsten, platinum, lead and uranium 
exposed to the y rays the secondary jS ray spectrum is found to 
contain in each case a group of three main lines, but the velocity 
corresponding to a given line m the spectrum is not independent 
of the metal, but increases somewhat as we go from heavier to 
hghter atoms. This is to be expected, for, turning to equation 

Cf. p. 1 12. 
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(2), while hv is the sanu! in uU cases, being <let(‘riuiiu‘(l by the 
exciting y ray, /^ the. work re(iiiii-ecl io remove the I'leotrou from 
the atom will depend upon llu* i)osilion of Hut electron in the 
atom, and, for comfsponding iM)sitions in different atoms, will 
depend upon the nuclear cliarge, which varies from atom to 
atom. As Is exjdahu'd in ('luipter XIII., measun'inenls of tlie 
X-ray spectrum of an eleinenl"' emilde us to calculate the work 



recpiired to remove an ehiclron fioiu a given 01 bit, 01 em-if^y 
level, within the atom, to inlimty. (l>y iiilinity \v<! mdicalt' a 
fnictiou of a millimetre, suira'iciitly large to lemove tin* election 
from atomic, iulluenc.es.) Hence I* can be obtauu'd hoin the 
different metals in (piestion (i) when tlu; I'lirtron is nmioved 
from the K level, (2) when the electron is ri'inovi'tl fiom an 
L level. It may be noted here that tlu're aus thiei' L levi'ls, 
denoted by the symbols L^, /.m.f and the fact that they 


* The K and L absoiption edges arc the Xactors hoic m (luestioiu 

fThc task oi iollowiiig the work ol th(‘ invosligatois oi these levels is not 
facilitated by the fact that the same symbols are used by (hhetisit authors 
with dillerent meanings, Bohr and Coster and others, imduchng Bobinson 
and Bills, use the symbols L^, where, for <’oi responding tpuinlities 

Sommerfcld uses the reverse order, iln, L^, Readers shouUl beware 
of this. With the notation hero used 7-„ art' in diminishing older of 

strength of binding of the electron m ciuestion. 
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do not differ very greatly adds to the difficulty of interpreting 
the ray spectra, as we shall see, especially as great precision 
in the experimental determination of the ^ ray velocities is 
very hard to attain. 

E, the energy of the dectron when well free of the atom, is 
calculated from the given line in the secondary jS ray spectrum. 
When P for the element m question is added to E an energy is 
obtained whose value should be independent of the dement, and 
characteristic of an exciting y ray. The necessity of fulfilling 
the condition of independence of dement readers it possible to 
fin d by trial whether the dectron is emitted from the K or from 
an L levd, since the energy required to send an dectron from 
the K level to the surface varies considerably more from dement 
to dement than the corresponding energy in the case of the 
L levd. Hence a comparison of the spectra of secondary j5 rays 
excited by the same group of y rays in various metals can be 
made to yield (i) the work done to free the dectron from the 
atom, and consequently the energy levd from which the dectron 
onginates, (2) the true initial vdocity of the dectron, which 
is the same for all heavy atoms, and gives the frequency of the 
y ray liberating that electron 

A numerical example may be given for the two metals 
platinum and uranium. The energy P, in volts, required to 
send an electron from the K level to the surface is *782x10® 
and 1*178x10® respectively We find, corresponding to the 
three main lines m the secondary p ray spectrum, three 
values of E+P which are independent of the metal, as 
will be seen from the following table taken from a paper by 
Ellis 


Observed energy E deduced from p ray spectrum 

E + P 

riatmum. 

Uramum 

Platinum 

Uiamum. 

X *58 xio® 

2*12 

2*69 

I ‘22 XIO® volts 
1-74 

2 31 

236 

2 90 

3*47 

2 40 X 10® volts 
2*92 

3*49 


The existence of three y rays, of wave-lengths *0519, *0423. 
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>0354xio~* cins.,* corrcspomlinpf to flu* thrco ciuTf^irs K \ P, is 
therefore dciuonslruted, tof'cfher with tlu! faet that tlu! rays 
can liberate electrons from the K lev(‘l of heavy atoms. 

It luus been .shown exiMTimcnlally that the stron^f Iiiu‘.s of 
the magnetic six'ctnxm of the .sec'ondary (} rays excifi'd in lead 
by the y rays coincule with lines of the spectrum of the natural 
P rays of radium B.'j' It is therefont reasonablti to assunui that 
the natural /? rays are t'xcited by the y rays from the nueh'i of 
their own atoms, 'rius three y r.iys found experimentally in the 
wayju.st described may be expee.t<‘(l to givtssix liiu'sol the natural 
p ray spi'ctnnn of radium li, if we eonsidiT that e.ieh lay reh'ases 
electrons from the K and from the 1 . lev«-l. 'I he lines ealculatc'd 
on this assumption are, in fact, found to be lepie.sented in the 
P ray .spectrum ol ladium B, which, liowevis, also contains 
other lines. J 

Six of these can be accounted foi by choosing suit.ibly tliiee 
other wave-l(‘ngfhs for y ray.s, and assiimiiig lli.it (mcIi ran 


• (UU'uLit<*<l fioni th(' by tlu* loiniul.i /• hv, uliu h, li /• b<‘ cxpir.sf'd 

111 volts, Hivos 


^ \ y ^ b 55 lo 

/i ' 1 *)<) lo 


I 


n> ’tin 


'Pho Viilutjh of /i-l P used in ties! in in*' tin w.ivn !< ni;tli . .nc nn .ins \vhi( h 

xmludcj values foi inet.il'i not <*nibutlieil m tli»‘ .ilxivt* table 


! As tins p.iit of the Ixjoh is ^joinp, 1 <» jin .s I h.ivt nsfittd lioin M lean 
'PhibaiKl, woikiiif.; in tin* laboiatoi v ol M (h* Ihoi'he, .1 \<i\ mb i< itini'. imjxm 
(• ntithsl / (I t/r\ P(t\fon\ y, piesc ntc d as ,i <hx ttn.ib tin sis at tlw‘ 

Uiuveisit V ol Pans in |une i<i»‘, 'I liibanci has < ai 1 i«m 1 out < \b n a\ e in\ < sti 
gallons on the set ondai y {i i.iy spot ti iiin e\i iled in man\ dillr i < nt iind.ds bv 
tho Y lays iioin tin* ladmat tiv(‘ eltMiUMits In paitu id.n lit ha * ’.houn that t/// 
the unpoitant lines on iht' iiatuial lay spet linin ol i.ulmm P .iiid ladium <' 
(with the solitiii V e\t eption ol a line td t neii'v i i », j \oIt'. w hit h tx t ms in 
the natuial spet till 111 ol ladinm ( ) .ipptai in tin* spts tiiim t<\( ited in hsid bv 
tho Y ol the latliuin lainily, tin* .igieeineiil m tsieigy (01 !t*ngth) 

being (‘xat I ioi latiuiin H, anti the eneip,v t)l the t^Miltsl i.us Ixung shp.htly 
grcatt'i than that tii the ludui.d ia\s ftn i.ulium (', the e\t ess being ex.u tly 
that tt) be anlicipaietl it the natnxal p i.iys weie t*\t itetl in an atom ol Z' 
(bismuth} inslcatL oi Z 8 ^ (lead). This ttMihinis the it^sulls t»l Kntlitntoitl 
anti Andratlc, deducetl fiom measuieinent ol tin* n.itm.d anti e\eit<*d y 
T hibaiuPs nuinoiou.s lueasurenumls of ext'iltsl p lav sptstia tMuphasi/o tho 
conliclcnce which can bo i>laced in ICinsleln’s law IC //v I* ovt*r a langt' of 
electron volocilios irom a liactioxi oi a vtdt tt> .1 inilbt»n ot tnon* vtilts. The 
wave-lengths clcdiiectl by him ngiee well with those tiblaineil iioiiv tho natural 
P I ay spectra. 

{This spectrum Inis recently been le examinetl in great tltdail ]>v hdhs and 
Skuuicr {Pfoc. Roy. Soc., A, 106 , 165, 1924). 
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release an electron from the K level and from the L level. (One 
of these lines falls so close to one of the other six that it cannot 
be distinguished experimentally from it.) We thus have six 
homogeneous y rays deduced from these considerations of the 
secondary /S rays produced by the y rays, and of the natural 
jS ray spectrum of radium B, all of which are considerably diorter 
than the y rays measured by Rutherford and Andrade by the 
crystal method. The existence of such very penetrating y 
radiations is further indicated by measurements of the absorp- 
tion of the y rays in aluminium. It may be noted that there 
are certain further natural ^ rays of radium B not accounted 
for by the six penetrating rays, but numerical manipulation 
shows that these can be attnbuted to y rays measured by the 
crystal method. 

L. Meitner has at the same time carried out numerous expen- 
ments on similar lines, especially with thonum B. In agree- 
ment with Ellis she deduces two y rays, of wave-length -0523 
and ’0417 A.U. respectively, but her theory of the origin of 

and y radiations differs wdely from his. The two theones 
are considered in the last section of this chapter. Hahn and 
Meitner have further deduced from the three /5 rays of radium 
itself that this element emits a nuclear y ray of wave-length 
6‘6x cm , which releases electrons from the K, L, and Af 
levels of the radium atom 

Energy Levels of the Nucleus. It has already been pointed^ 
out that the K senes for radium B is fully represented by the ,1 
y ray hnes measured by Rutherford and Andrade, so that the 
y rays detected by the analysis of natural and secondary (i rays ' 
spectra are harder than the K senes for an clement of atomic; 
number 82. They must therefore originate in the nucleus, since I 
expenments on the deflection of the a particle by other atoms 
have indicated that the space between the K electrons and the 
nucleus is empty. The six hard y rays, with their energies, 
deduced from the jS ray spectrum by Ellis, are given in the 
following table * : 

* In this table the values given are from Ellis' paper of 1922. The values 
have since been slightly modified, as given in the table at the end of this 
chapter The older values are set down here to correspond to the 1922 
diagrams ot nuclear levels, which are retained for smiplicity (see Fig 8). 
Those seeking the most recent values should consult the paper of Ellis and 
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NUCLKAK y-KAYS OI-’ KADIUM l» fJ-UAY SI»KCTKA). 


Intensity 

A In ^ 17. 

I'UierKy lu volts, 

.s 


2\i8‘i . 

m 

0.^88 


•• 


j*9i8 

s 

•<MS| 





/ 

*<» 

.pooo 

It will be seen 

by inspection that these can be airanged 


pairs, which show a const ant (lii'fiTi'nc.i*, thus : 


4-000 



2-0I« 

2-52() 


I -082 

1*1 11 

I’lny 


If, then, it be su]>pos(‘(l that thcK* me eneif’y levt'ls within the 
nueh'Us, and that in some way the dilleuiict* of enei}>y between 



any two levels, E'- E", can be nuhaled as a homogeneous radia- 
tion of frequency given by hv E'-E", then all the nuclear 


Skinner <iuole(l in the rcfetences, and the lliehis by Tliibaiicl t«> whidi 
rcreronco is made on p. 62. 
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rays can be accounted for by supposing three outer levels anH 
two inner levels, the inner levels drSeriug from one another by 
energy i-io x lo® volts. Such levds, and the six energy changes 
corresponding to the radiation tabulated above, are indicated in 
Figure 8. 

If these levels, and this mechanism, do in fact exist, energy 
changes from levd 5 to 4, 5 to 3, 4 to 3, and 2 to i would also 
seem possible, with radiation of homogeneous y rays of corre- 
sponding frequencies. It is a striking fact that wave-lengths 
calculated from these transitions do actually agree with wave- 
lengths recorded by Rutherford and Andrade, and not repre- 
sented in the K and L spectra of lead, with which, except for 
the structure of the nucleus, radium B is identical. This is 
shown m the followmg table . 


NUCLEAR Y RAYS FROM SCHEME OF LEVELS AND 
FROM CRYSTAL MEASUREMENTS 


Energy levels 
concerned. 

Energy in volts 

X in A.U calculated from 
energy levels 

k in A U. measured by 
Rutherford and Andrade. 

5-4 

•389 XIO® 

•318 

324 

5-3 

•533 

231 

•229 

4-3 

•144 

857 

•853 

2-1 

r 10 

•112 

II5 


The experiments have, then, led to a scheme of nuclear levels 
which accords well with the facts The experimental device 
of determmmg wave-length by the velocity of the electrons 
liberated seems to be hkely to assume great importance as a 
general method. De Broglie states that already wave-lengths 
can be measured by corpuscular spectra with an accuracy 
approaching that attainable by crystal gratings. 

The method of determinmg the wave-length of the nuclear 
y rays from the natural ray spectra of radioactive elements, 
based upon the well supported hypothesis that the ^ rays are 
due to the conversion of y ray energy in the extranuclear 
electron structure of the same atom, is being pursued further 
at the present time by Elhs and by Meitner. Recently EUis 
anH Skinner have redetermined the ray spectrum of radium 
B and radium C, and, from consideration of the new data. 
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slij(litly diiuifjfod tlu* \vavi*-h'n|'th of sjhiu* of th(‘ rays <l('U*rmined 
by ICllis as just <l«‘S<'rilu'<l, and ad<lt‘d a f«*\v new ones of ksscr 
intensity. As a nwill, the s<‘lu'in»* of nuelear levt'ls shown, in 
8 has been nioditicd in <*ertain inc-ssential ]>artiaulars, but 
the old .selii-nie lias b<‘i*n retained here, since it exeinplilu'S all 
the principles involved, and is less conqdicated than the now. 
Readers who wish to considei the ]nol)leni in <h‘tail should 
con.sult the oikinal pa])er. In the words of ICllis and Skinner: 

“ 'Hie niodiiications introduced have chauf'ed some (h'tails of 
this interjH'etation but, on theother hand, t he {'<-neial correctness 
of the vi('W has been gieatly strengthened. But .still it appears 
unlikely that any deliniteness in our knowh'dge of this level 
stnictuiH* ('an he obtained by a nu'i’e search foi numerical 
agieement.at least not untilthegeneiahu'cuiacvhasbeengieatly 
increased. ICvidence of a mon* fundamental natuie will have 
to be found before we can .settle this <iut‘slion ot the e\'act 
levt'l structun* in the nuch'us.” 

The Mechaiusm of the Nucleus and Radioactive Change. 
As a result of the work so far descnbed we know that the 
nuclei of heavy (radioactive) atoms contain u and /t partu'le.s, 
whh'li may be ejected. W(‘ know further that, accompanyinf’ 
either an a or a /t transloimation, 1h(‘ nucleus can emit in some 
cas('s very pcmetrating y ladiatioiis 'riiese y ladiations lead, 
bv an extension ol Bolu’s theory ol eiu'igv levids in the evtia- 
niiclear parts of the atom, to tlie coiK'eption ol energy levels 
within the nucleus, dilleieiu'es between wbieli give, bv tlie 
quantum relation, the lieciiiency ol the i>i‘iietiating t.iy-s The 
hypothesis that one, and only one, eh'ctron leaves the radio- 
active atom per disintegration, wliieb has leeeivisl relertiiice on 
p. 49, has recently been ('onrinued bv tin* woik of ICnieleus, 
who moa.sured directly the iiumlx'r of electrons t'lnitti'd by 
radium 15, and of (himey, who did the .same for radium B and C. 

Wc have now to (liscu.ss certain problems concerning the 
mechanism by which the «, (i and y radiations are emitted by 
radioactive atoms. As a help to unilcrstanding this mechani.sm 
we must enquire if the ji iiarticle which escapes from the atom 
is the one which left the. nucleus, or if this latter is rcttiined in 
the outer structure of the atom, and another dislodged : if all 
the particles leave tlie nudeus of a given kind of atom with one 
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fixed velocity, as do the a particles ; if the y rays are emitted 
before, during, or after the disintegration of the atom. In 
considering these general questions it must be remembered 
that the hne spectrum of j8 rays represents only a small part of 
the energy of ^ ray emission, the greater part, as shown by 
Chadwick, being represented by a contmuous background, t.e. 
by electrons of a continuous range of velocity, on which the 
groups of homogeneous velocity, which give the Ime spectrum 
of /S rays, are superimposed. Radium E, which gives no y 
rays, exhibits a contmuous jS .spectrum without accompan 3 ung 
lines. In the view of the ongin of the p rays which form the 
continuous background theories differ widely. Ellis supposes 
that the rays leave the nucleus with a continuous distribution 
of velocities, which throws the difficulty back upon the mechan- 
ism of the nucleus rather than solves it. Meitner supposes, 
however, that all disintegration electrons leave the nucleus 
with a fixed velocity charactenstic of the nucleus, which is in 
a sense a more attractive assumption, since it merely extends 
to the ^ particles the property possessed by the a particles. On 
hei view the departure of the disintegration electron is the first 
step in the process . it is followed by a readjustment within 
the nucleus which may either be rayless (as in the readjustment 
which immediately follows the retnoval of an outer, or ionisa- 
tion, electron from the penphery of an atom), or may involve 
quantum changes of energy, corresponding to the emission of 
one or more y lays The existence of the continuous back- 
ground IS e.\plamed by arguing that the disintegration 
electron, after it has lett the nucleus, must be subject to various 
impacts and other secondary influences which cause losses of 
velocity of varying amounts. There ate, however, grave diffi- 
culties in the wav of such an assumption For instance, if 
every p ray which lett the nucleus of radium C possessed the 
maximum velocity measured m the [i ray spectrum of that 
element, the heating effect should be greater than that actually 
measured foi the and y rays together of radium B and 

* Ellis and Wooster (Proc, Cambridge PhiL Soc , 22 , 8*^9, 1925) have shown 
that it IS very hard to see how a sulficient .broadening of an ongmally homo- 
geneous ruy line could be produced in this way to account for the con- 
tinuous background of, say, radium E, which stretches from 1,000,000 volts 
to small energies of the order 40,000 volts. 
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radium C. It lias womcd to mo that n partial reconciliation 
between ihc eontinnfms background theories of lillis and of 
MeitjU’x may be (dTccted by allowing the micleus to eject /? 
particles of not one velocity, but of a few tlifferent velocities, 
just as it emits y rays of a ftw fixed wave-lengths. In sucli a 
<'ase the broadening of the iiulividual ft ray lines piodiiccd by 
intei changes of energy in the extranuelear structure need be 
far less than it would have to be if only one nuch'ar fi ray line 
wens emitted, and a backgrotind might be pio«luced which our 
pro.sent resolving power would leave as <*ontiintons. However, 
in the absence of further cxpcriinental evidence, speculation in 
this <lirection lias limiti'd value. ICllis has suggi'.sted that the 
accniatc measurement of the heating efiect produced by radium 
IC, which has a continuous (i ray spectrum only, and emits no 
y lays, would provide valuable evidenci* 'riie average energy 
of brt'ak pu of a radium K atom might jaove to lx* t'qual either 
to the maximum energy, oi to the aveiage energy of the con- 
tinuous ft ray spectnim. iCitliei result would oiler diflicultics 
to a theoretical explanation, but not the same chlficulties, so 
that in a re.stricted sense a slight advance sei'iiis possible ni this 
direction. 

While the continuous backgiound, then, is the subject ol 
oppo.sing thcoiies (although it seems likely that the pai tides 
winch form this background come (Inert Irom the miclcu.s), 
there is general agreement that tlic natural ft ray hue spectrum 
lias its origin m the ejection ol electrons by nuclear y rays fioin 
various energy levels in the extranuelear stnictuu' ol the atom 
'Hie fact that the aitificial ft lay hue .spectra obtained by 
.subjecting heavy elements to y rays agree numerically with the 
assumption that the ft rays are ejected fumi tlie vanous levels 
of the atom.s of these heavy elements, coupled with the fact 
that all y ray emitters give a ft ray line sjicctnim, offers strong 
evidence on this point, and both Ellis and Meitner have 
obtained .satisfactory e.stimates of the wave-lengths of nudear 
y rays on this assumption. However, in the case of the natural 
jff ray spectrum of a radioactive clement the ^ rays cannot be 
ejected by the nuclear y rays from one atom of tliis dement 
falling upon anothei atom, because the atoms of the dement 
are so sparse that no appreciable intensity would be reached in 
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this way. Rather, as Ellis and Skiimer have showed,* there 
must frequently be a conversion of the y ray into ray energy 
inside the atom, which they call internal conversion. 

There r em ai n s to be discussed the question as to the sequence 
of the phenomena. Meitner urged that the ejection of the dis- 
integration electron fiom the nucleus is the first step in the 
changes which lead to y ray emission and the natural ^ ray 
spectrum. In support of this die invokes the bdiaviour of the 
rays of the so-called C group.f Ellis was originally of the 
opinion that the nuclear y ray was first emitted, but the work 
of Black made this view difficult to hold, and recently Ellis 
has, in conjunction with Wooster, carried oat experiments 
which have led to a definite decision in favour of the primary 
emission of the nuclear electron. The argument upon which 
the experiments are founded is as follows. What is observed 
in the case of the p ray line spectrum excited by y rays in a 
foreign element is the velocity of the secondary /S rays, and this 
depends not only upon the frequency v of the nudear y ray, 
responsible for the ejection according to equation (2) on p 58, 
but also on the work required to release the electron, i.e to 
withdraw it from the atomic field of force. This work is con- 
ditioned by the net positive charge on the nucleus. It should 
therefore be possible by accurate measurement of the /8 ray 
spectrum of radium B, say, and a companson with the artificial 
fl ray spectrum excited in a non-radioactive element of known 
atomic number by the y rays from radium B, to decide whether 
the nuclear charge against which the work is done is 82 or 83 
in the case of radium B, which would answer the question as 
to whether the secondary /S ray is ejected before or after the 
disintegration of the nucleus. 

Elhs and Wooster, adopting a very ingemous device, have 
been able to make measurements sufficiently accurate to answer 
this question. They surround a tube containing radium B 
with a sheath of platinum, so that the y rays from the radium 
B exdte secondary rays in the platinum ; at the same time 
they deposit radium B on the outside of the platinum tube. 

* See also Gray, Naiwe, 3rd Jan., 1925. 

t villa divides the rays from radium B into three groups, called, m order 
of mcreasmg speed, the C, D and £ groups. 
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The smmtlury jl nivh from tin* platiimm must, owinj; to ihcir 
«il)sorpliou ('ooilififnl , havt* thdr vutin-t* in, and very near to, 
the aurfaoc, so that in this way it is j»i>ssihU* to obtain si'coiulary 
/t rays from platinum, / 7S, ami the primary fi rays from 
mdiam H from the same source as far as position is concerned. 
Analysis of the sp(‘etra of thesi* // rays in a maf'netio field 
enables a thu'ision to lx* maii<‘ as to tlu! / which corn'sixmds to 
the primary (S niys, since with compari.son lim*s for X 78 
pr(!.sent the tlilferenci* between Z atid Z. 8,} becomes 
cpiite appreciable. The result ctf the e.xperiments js d<*fini1ely 
that the natiiral j> rays from ra<liiim H hav<* enerf'ies corre- 
spondmj.' t(» excitation by the nuclear y hi an atom of 
nuclear ('liaise 8,;, .so that tlu* atom of ladmm It {/ 82) nui.st 
have lo.st a mudeai elc(‘trun helon* a />' i.iv line is emitted, and 
the y rays must he due to iuti'rual couveision. '1 he u'pelition 
of Kutherloid and Andrade’s expenmeuts, hv kutheiloul and 
Wooster, involving the eatelul measiuement ol the y lav L 
spectrum of radium li, liavi* led to the same eoucliisioiis 

The work of IClhs aiul his collahoiatois lias shown that the 
eneigv levels in tlu* ladioactive nuclei aie similar 111 dilU'ieiit 
atoms of the .same liiiuilv, that is, similailv spaced le\els oceiu, 
but they all e.xjieiieiu e a (lisi>lacement in llie .same diii*('tion 
as \vc ^o down tlie 1 adioaelive seiies. 1 1 is supjiosed that these 
levels are 111 some way due to vaiioiis niif>s, 01, f'eiu'ially 
.speakiii}.>, si'paiated .systems ol nuclear elections. '1 In* lirst 
stage 111 an instalnlily of the ladiimi !> Imh* is the eimssum ol 
a (lisintegiation eli'ction liom om* ol these rings this issues 
fiom the atom with a certain velocity, which \ancs m the ca.se 
of difleri'iit atoms ol the same kind, and when all atoms au: 
statistically con.sulorod is resixnisihle foi the continuous back- 
ground. The cmis.sioii muke.s the iiiicleus unstahli*. and the 
readjustment leads to the emi.ssiou ol tJio y lay. It i.s, ol 
course, indiftcrent for the y niy what happens to tlu* dis- 
integration election once it Is out of the iiudeus. What causes 
electrons of different velocity to leave the a loin i.s still uncertain, 
and we cannot say for certain at present whether they first 
leave a given nuclear level, or the whole imcleu.s, or the atom 
with variable velocity, i.c. at what stage or by wliat mechanism 
the continuous distribution is produced. 
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The assumption of various levels from which the disintegra- 
tion electron may come is useful in that it enables us to assume 
similar energy level schemes for unlike emissions. As fai as 
the a ray emission is concerned, we are stiU completely in the 
dark as to svhere the a ray comes from, or how it is that an 
a ray body, such as radium, emits y rays. 

In conclusion, a table of some of the most important nuclear 
rays for the radium family is appended. The values for radium 
B and C are those recently deduced by EUis and Wooster from 
measurements of the /? ray spectra. Measurements for radium 
and radium D have been made by Meitner. 


NUCLEAR y RAYS OF THE RADIUM FAMILY 


Radioactive Substance 

Type of 
Disintegration 

y Rays 

Wave-length in ems 

Energy m Volts 

Radium 

a Ray 

6-6 X lo-i® 

1*87 X lO*^ 




f - 3*03 

•536 




1 5*07 

2-433 

Radium B 

13 Ray 

- 

1 4-75 

2- 600 




4-16 

2*970 




1 3*49 

3-540 




f 4*49 

2-75 




3 - 7 ^ 

3-33 




3-17 

3-S9 




2-88 

4*29 




2-02 

6*12 

Radium C 

13 Ray 

- 

I- 3 I 

9-41 





II ^0 




•0<)o 

12*48 





14*20 




•Ot)4 

17 78 




‘550 

22 ig 

Radium D 

(3 Ray 

1 ^^^-4 

467 
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CHAPTER IV 

THE DISRUPTION OF THE NUCLEUS BY oc. PARTICLES 

Introductory. Early in the history of radioactivity it became 
clear that, for a given mass, the energy associated with the 
radium emanation was enormous, i c c. of the emanation 
with its products evolves in the course of its hfetime some six 
milhon times the heat given out by an equal volume of an 
explosive mixture of hydrogen and oxygen when detonated, 
and the energy is emitted not as a radiation uniformly dis- 
tributed round the source, but localised along the paths of 
individual particles. Such simple considerations of the great 
concentration of energy afforded by the emanation led Ramsay, 
in 1907 and 1908, to attempt a disintegration, or transformation, 
of the atom by means of the radiations from radioactive sub- 
stances. Alone, and together with Cameron, he subjected 
various atoms to the action of the radiation by dissolving 
emanation in a solution of the salt of the atom in question. 
He came to the conclusion that the radiation produced neon 
and argon from water and lithium from copper, evidence for 
the products being obtained spectroscopically. Working in 
this way it is extraordinarily difficult to avoid traces of impurity, 
especially of the substances in question, since neon and argon 
are present in air, and lithium and sodium can be dissolved 
in minute quantities from glass and quartz by the action of 
pure water Other experimenters were unable to reproduce 
Ramsay's result when workmg with more rigorous exclusion 
of possible sources of contamination, and it is generally accepted 
to-day that the evidence is against the transformations 
announced by Ramsay. Nevertheless the experiments are 
mterestmg historically as showing an early realisation of the 
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powerful iigcnl olfiTftl by n»lu)acUvc ciUTfiy for atlwupts to 
break up tlie atom. 

Tlie greatest concentration of energy is olTen'd by the fast 
a Tiiys emitted by the ra<lioaotive elements. Although the 
velocity of tlu'so rays is .small compart'd with that of the fa.stt'st 
P rays (being not more than abtmt oue-lifteenth of tlu! vt'locity 
of the high-spt'ed ji partieh's from radium (') tin* great mass of 
the a particU'S comparetl to that of tin* eli'clrou (i*ven when the 
increase of the, mass of tlu? electron with velocity is t'onsidiTed) 
makes the energy of tin; faster a parth'les greater than that of 
any of the homogeneous p particles, 'flms the energy of a 
single M particle from radhun ('. is about i.r<io * ergs, while 
that of a (i particle of velocity oajHc., emitted by the same 
element, is about .jx lo * eig. iMirtlaa, the a lays aie (*mitted 
with a uniform velocity from a given pioduct, and so alford 
particles of dermito energy. By the aid of siwh a i.i\'.s Ruther- 
ford has succeeded in bieaking up the nuclei ol I'eitaiu .itoms, 
and thus obtaining eyidenco both ol then stnu'lme and their 
size, llie method consists m the ob.seivalioii ot single atonus, 
which permits a much more del.uled iiuantil.ilive investigation 
of the properties of the pioducts of disiuptioii than the spectro- 
scopic method Further, the mi'tliod admits of easy coiitiols, 
by which the souice of Uu‘ products ol disiiiptioii ('an be 
dctcriniiied with some certainty. In essence il consists m 
letting the a parlii'les stiike the atoms whose nuclei aii' to he 
investigated. In the case of diiect, as distinct liom glancing, 
impact the nucleus struck will be thrown loiwaid with .1 velocity 
depending upon its mass and charge', and an investigation ot 
the range of the nucleu.s, wliK'li can be ('an led out by the method 
of counting the scintillations produi'i'd on a zuk* .sulphide screen, 
enables an estimate of the nature of thi' nucleus to be made. 
The ratio of the charge to the mass ol the nucleus can also be 
investigated by the ordinary nw'thod of magnetic dellectioii. 

When a particles arc firi^d into hydrogen, it has been proved 
that the hydrogen nucleus is thrown forward. In the case of 
nitrogen it is not the whole nucleus, but once more a hytlrogen 
nucleus, or proton,* wliich constitutes the long-range particle 

* The hydrogen nucleus is so imi>ortant an entity in m<wlern physics that 
the speaal name of proton has been suggested for it, and is now generally 
adopted. 
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produced, and it can be shown that the source of the particle 
must be the mtrogen nucleus, and not a hydrogen contamina- 
tion. Similarly, a positively charged hydrogen nucleus has 
been shown to enter into the structure of other heavier nuclei 
besides that of nitrogen, and a way has been opened along which 
the question of the laws of force in the neighbourhood of the 
nucleus may be approached. 

Theory of Impact of an a Particle on a Light Nndleiis. As a 
preliminary to the consideration of the experiment let us 
examine the theory of the impact of an a particle on any 
nucleus. If the nucleus is heavy we have the case already 
considered in Chapter II., when there was a question of the 
scattenng of a particles. Even if the nucleus be as light as 
that of copper {Z=2g) its motion when struck is neghgible, as 
has been confirmed experimentally by Chadwick in experiments 
on scattenng, so that for all heavier atoms it is justifiable to 
consider the struck nucleus as fixed. Such an assumption is, 
however, obviously untrue for the passage of a rays through 
hydrogen, to which attention is now devoted. 



Suppose that the mass and charge are M, E for the a particle, 
and m, e for the struck nucleus ; that the initial vdoaty of 
the a partide is v, and the vdoaty of the nucleus after impact u ; 
further, that after impact the vdodty ol the a partide makes an 
angle q>, the vdodty of the nudeus an angle 6 with the original 
direction of the a partide. (Fig. 9.) 
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Treating tUc twe bcKlies as charged points, wiiioh involves 
neglecting the electron or eUsetrons attachtsl to the struck 
nucleus (a neglect justiikHl by the small imiss ami large tlistanoe 
from tlxc nucleus of the electron) and assuming lU) loss of energy 
at the collision,* wo have 


« ~2V cost! 

M-^ni 


tan f 


m sin 2O 
M-mcoiizO 


(I) 


so tliat for tlxc hydrogen micleus hn 


M K\ 
4 ' * z) 


u,i -I'iyvvoaO. 


(i«) 


To calculate 0 we must xise the orbit, for whi<-h a law of force 
must be assumed. Wc have seen that c.\pcrini(‘n t s 01 x scat t ern ig 
have shown that the inverse square law is j nst ili<‘<l if t he smallest 
distance of approach be not too small. 

With this law, p--/i tan 0 (2) 

where p is the impact parameter, and 

/u:/i I 
11“ 'w ' 


Assuming a stream of <x particles of lu)niog(“neoxi.s velocity 
all travcllxng in the direction of the x axis, tin* v<‘looily ol the 
struck hydrogen nucleus (the single electron piesumublybecomi's 
detaclxed by the violent impact) will tlepend only uixon />, wliK'h 
conditions 0 , the velocity of tlni nucleus conditions its 
range. Tlxe connection between range ami velocity is known 
empirically in the case of the a particle, or helium nucleus, and 
is expressed by the formula v^—aR, where a is a constant ; or the 
range is proportional to the cube of the initial velocity. 'Fins 
result can be extended to the hydrogen nuchuis by tlie htilp of 
Bohr’s formula (see page 41) 


dv__ pte^Ehi 
dx~ mMv^ 


Slog 


v^kMm 

v^E{M+iny 


* Such as woiild be involved xn radiation •were it sot up. It is also assumed 
that the energy of motion is purely translational. 
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The mass of the proton (hydrogen nudeos) is one quarter 
that of the hdium nudeus, its charge one half. This means, 
that except for a corrective term log 2 to be added inside 
the summation sign, the range of a proton in hydrogen 
should be the same as that of a helium nudeus of equal 
vdodty in the same gas, and should obey approximatdy 
the same law of decrease of vdodty. The correction makes 
the range of the hydrogen nudeus 28 cms. in hydrogen, as 
compared with a range of 31 cms, for the a partide in the 
same gas. 

For passage through heavier atoms, such as aluminium, 
where there are more dectrons, and so more teims imder the 
summation sign, correspondingly higher multiples of log 2 
will occur, and the range will be rdativdy less. Speaking 
generally, however, we may expect the range of a proton to 
be a little less than that of an a partide of the same initial 
vdodty. 

There are two important cases which have been examined 
experimentally, with the object of gaining knowledge of the 
laws which govern the impact of nudei when the approach 
is very dose, as distinct from the case where the collision is 
less intimate and the inverse square law holds. Rutherford, 
in the first paper on the subject, investigated, for the long-range 
protons obtained by the impact of a partides on hydrogen 
atoms, the frequency of occurrence of different long-ranges 
among a given number of particles. (This distribution of 
ranges obviously depends upon the collision mechanism ; for 
instance, to take an extreme case, if, by some peculiar inter- 
action, all the struck protons were thrown forward in the same 
direction, independent of the impact parameter, we should 
have one range for all the protons.) Chadwick and Elder, on 
the other hand, have since investigated the number of struck 
protons thrown forward at various angles to the original direc- 
tion of the a particle. This distribution of angles is another 
aspect of the same problem, since both the magnitude and the 
direction of the vdocity of the proton are functions of the impact 
parameter. We shall now consider m outline the theory which 
covers the two cases. 

It is assumed that the hydrogen atoms through which the 
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a particles pass ccmstitulo a comparativ<‘ly thin layer,* a dis- 
tribution which Ls most easily attained in ]>raetiee by using a 
thin sheet of hydrogen-cont tuning material sjiy paralliu wax, - 
the phenomenon being a pxirely atomic ont*. 'I'lu* velot'ity of 
the impinging a particles may then be taken as the sam<‘ lor 
all impacts. If the impacts b(* governe<l by the laws ex]>ressiHl 
in equations (i) and (2), then the mu'lei struck will go ft)rwar<l 
in directions making various angles 0 with th<‘ original diiet'iion 
of the a paiticles. The velocity will vary as cos 0 , and hen<‘(! 
the range in the direction of travel as c.os“(’l, <n in the <lirec1ion 
normal to the zinc .sulphide .scret'u as cos'fl. 

Tliat is /.> 

j. (i) 

/'o 

where A’o is the maximum range, t c. the langi* of a paiticle 
projected at 0 -0. 

Hence with increasing offectm* range (distance in an* or air 
equivalent from source to screen) tluae will Ix' a lajnd lalling 
oft of the number of particles, duo to the .short langc's (»[ tlu* 
more deflected particles. The number can be obtaim'd in 
terms of the range by observing that, in p.issmg Ihioiigli a layer 
of hydrogen i cm. thick, the mnnbei ol piotons ]»io|eclcd 
between o and Ohy Q a jiarticles is 

n—Qn[)^N —QnN fiHixw'^O ... . (l) 

where iV is the number of hydrogen atoms j>cr ec at n*i.i'. 
The numerical value of /i for an a parlich* ol veloiity 
l'922xio® cm./.sec. is 9-27x10 the nuineiical value of N is 
5-41x10*®, whence 


u 

I -46 X I0-® lan ®0 

==i- 46 x io-» (Vy/ ■ *) *^*‘*”* Ci)- 


♦ In the cabc of a thick layoi of hydrogtMi, such as was us<‘tl lu HuIIk'i fours 
early experiments, where the gas extended more than 3 cins. iii fioiit of the 
source, the absorption of the a rays in the gas itself oonuis into <|uosti<)!i. 
K. Compton (P/iys. Pw. 19 , 23/1, 1922) has woikod out the cjvw' of the thick 
layer, and has obtained a correction which can be apidied if mut^ssary. As 
it appears from his calculation that this coucction docs not ail(H*t the g(*iicrsil 
vahdity of the results obtained by applying the thin layci tlu^ory to a layer 
that IS actually of the thickness used in KuthcifouVs oxporiiiu^nts, wo shall, 
for simplicity, follow Rutherford in treating the layer as thin. 
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The number of protons is proportional to i.&. proportional 
to xjvK Considering, therefore, a particles of other vdodties 
than that assumed above, we see that for an a partide of any 
range r other than the range of the a partide from radium C, 
the formula becomes modified to 


n 

Q 


=1*46x10“® 



•( 5 ) 


Tliis lormula expresses the number n of protons of range R 
to be expected, when a partides of range r in air traverse a 
layer of hydrogen, being the range of the a paxtides from 
radium C in air, and A’o being the maximum range of struck 
protons, which is about four times r. It gives a very rapid 
rate of decrease of the number of swift protons with increasing 
range. 

Formula (4) gives the number of particles projected at angles 
between 0 and 0 , formula (5) the number projected of given 
range R The deduction of these formulae has involved 
assumptions that the nudci can be treated as charged points for 
all collisions, oven very close ones, and that the inverse square 
law of repulsion holds throughout. It has been further assumed 
that the projected proton travels hnearly right up to the end of 
its path We know that the a particle of range 7 ems travels 
linearly up to within i cm of the end of the range, and in the 
last ceiilinietre is s( altered, and, from analogy, there should 
be a similar e fleet with the hydrogen nucleus This modifies 
somewhat the law of tailing off of the number of projected 
nuclei at the end of the range, but has been neglected m 
deducing the formula We shall see that it appears experi- 
mentally that many of the swifter protons are, m certain 
circum.stances, projected forward in the direction of the incident 
a particle. If all the hydrogen nuclei struck were thus thrown 
forward in the same direction, then the falhng off of the number 
at the end of the range would be entirely due to such scattering 
effect, and we should expect a curve similar to that found for 
the a particle itself, as shown m Fig. 10, which represents the 
number of scintillations produced on unit area of a phos- 
phorescent screen at various ranges by a narrow beam of 
a particles passing through air. 
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Wluilt'vcr be the law of force, or the nature of the collision, 
for a direct impact wc have from (i) 

« -X’Gv. 

An a particle of velocity 2x10® cm. /sec. has ranfje ;{r oms. in 
hydrogen : we have aln^ady seen that, aiiplying hohr’s fonmda, 
the range for a hydrogi'u nue.letis of the same v(‘loc'ily should 



I«l(. 10 


Diiiiinullou of llu‘ ininibfi t)l st ml illations piotlmcd l>\ r/ paili(l<*s 
lioiu latlmin (' towauls imd ol i.mp.o 

be 28 ems, m hydrogen. Since the range is roughly piopor- 
tional to the culx' of the. velocity, tlu' langi* ol the j)ro)ecled 
hydrogen nucleus of vi'locilv t -fw should lx* (i •(>) * a 28 T17 cms. 
in hydrogen, or about lour times that of the a jxii lich' piojecling 
it It has been pointed out that IIk* range of apioton tlirough 
atoms other than hydrogen is a little less than that of an « 
particle ot the same velocit y, so that wi* can e.\tetul this re.sult 
to air or alumimiim, and say that the range ot tht> ])roton 
thrown straight forward hy direct impact of an a partude .should 
be roughly four times that of the a partude it.s('U. 

Ehqpeiim^tal Observation of Long-Bange Hydrogen Particles. 
Thus, assuming, as has been done, tliat there is no loss 
of energy in collision and that the range Ls proportional 
to the cube of the velocity, the passage of a particles 
through a layer of hydrogen diould be expected to produce 
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a few protons of ranges four times that of the a particles 
themsdves. The existence of high-speed particles beyond 
the range of the particles in hydrogen has been detected 
by the scintillations produced in a zinc sulphide screen. 
Using the apparatus shown in the diagram (Fig. ii) Rutherford 
has carried out a series of experimeats on the projected hydrogen 
nucleus which have led to important results. 



D, the source of radiation, is a brass disc on which radium C 
is deposited, mounted to slide on the bar BB. This is enclosed 
in the rectangular brass box, which can be exhausted or 
filled with any gas. The plate E, which closes one end, is 
pierced by an opening S which is covered by a thin metal foil, 
whose stopping power for the a particles vanes from 4 to 6 cms. 
of air. The zinc sulphide screen is outside the window at a 
distance of a milhmetre or two, so that further screens can be 
introduced between the two. The microscope M for observmg 
the scintillations commands a field of view 2 millimetres in 
diameter All the foUs used for absorption were heated in 
an exhausted furnace to get rid of occluded hydrogen as far 
as possible. Various velocities of a particles were produced by 
letting the a particles from the radium C pass through appro- 
priate screens. With this apparatus scintillations were observed 

ASA. P 
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for absorptions, protluot'd by scn'cns, (*qiiivalont to about 
28 cms. of ail, wliioh is the rauf'o to bo oxpotdi'd for directly 
stnick hydrog<‘n uuolt'i. liul wht'n tlus rolatiou between the 
mxmlxT of louf'-ran^'e particles and the ranj^n* was inv(‘stigated, 
it was foxind that the distrilnition varied witli the initial velocity 
of the a particle prodneinf? them. h'i{^. 12 exliibits the re.sults. 



7 10 13 16 19 22 25 28 

R&nge of H otomsin cms of air 

I 'rtj I / 


Distiibution oi long ran |',o piotons pioduttnl l)y ^ of vaiious 

VCl(KilU*S. 

Curve F for a particles of 3-<) cms. rati{jn* in air shows a rapid 
falling off of the number as the range inoreasi>s, which corre- 
sponds closely to the theoretical form givinx by equation (5). 
Curves E and D approximate to the same fonn, but for the full 
velocity of the a particle the distribution, givi'ii bv A',* is 

*Thc cuivcs A and B, shown m unbrokc‘n lino, aio tlu* forms given by 
RuUierford in his original paper. I^ter researches in the Cavendish 
Laboratory have shown that a certain number of slower protons are always 
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absolutely different. The number of long-range hydrogen 
particles dinunidies comparatively slowly for all ranges up to 
22 cms., and then falls off rapidly, there being no particles of 
range greater than 28 cms. Such a result obviously cannot 
be reconciled with the assumption that the struck hydrogen 
nuclei are projected in all directions, at angles varying with the 
parameter p, according to the assumptions made in deducing 
equation (5). The nature of the departure of curves A' and B' 
from the theoretical form followed by D, E and F, mdicates that 
there are far more projected particles of extreme range, corre- 
sponding to direct impact, than should be anticipated from 
application of the mverse square law. It must be remembered 
that, even if all the protons were thrown directly forward, the 
distribution curve would not diow a sharp drop at 28 cms., 
but would, on account of scattering at the end of the path, show 
a falling off of the type exhibited in Fig 10 for a particles. 
When allowance is made for the difference between charge and 
mass of the hydrogen as compared with the helium nucleus, 
the drop should be expected to set in at 19 cms. Hence the 
departure from the form indicated by the inverse square law 
IS even more pronounced than appears at first sight, since the 
curve A' is not very different from what we should expect in 
the extreme case of all protons thrown straight forward, no 
matter what the impact parameter This extreme case is 
represented by the continuous curve A. 

A general explanation suggests itself at once. The simple laws 
assumed for the deduction of equations (4) and i5) may hold when 
the two nuclei are separated by a distance large compared with 
their size, but break down for very close approach. The greater 
the velocity of the a particles, the closer is the approach, and 
the greater the departure of the laws of collision from the simple 
forms valid at greater distances. On the simple assumptions 

present, and have indicated that the curves A and B should be modified to 
the forms A' and B', shown in broken hne A' and B' axe therefore Mn- 
sidered in the discussion, but it is clear that Rutherford's original conclusions 
are but hltle affected by the modification Instead of inferrmg that all the 
protons struck by the swift a particles are thrown directly forward we must 
conclude that nearly all the protons are thrown directly forward, but that 
some are piojected at an angle. The essential pomt, that far more are thrown 
forward than can possibly be explained on an inverse square law, maintains 
its validity. 
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the nuclei must gel within a dislanre of about 3x10"’* 
of one anoilKT for ihe case of a ])articles of range 7 cms., and 
although the assumptions are, from what has just Ihh'ii said, 
not justified, they probably give us about the right order of 
distance, Hy counting the number of long-range particles, 
and comparing with tin* total number of a ])artieles quitted in 
the given direction, Rutherford estimated that, for tliese fast 
a parlidi'S, any one striking a hydrogt‘n nucleus within a per- 
jiendicular distance of the centre . /> u-4xto ‘® cms. projects 
tlui nucleus straight forward. This is another <‘.xpression of 
the failun‘ of the sinijile laws of iin])act to apply for near 
apiuoach. 'fhe most recent work has timded to show that this 
estimate is rather too small. 



Dibjjosilioii ol souii'o of a pailiclcs J*, .soimo ol jhoIoiis 
phosphuic'sccnt scimi 5 in Chadwick and Ihi'lci's t‘.\|)(*nint‘ut.s. 


Chadwick and Bielcr have confirmed these giauTal results 
by determining the distribution of number of protons projected 
at various angles. Suppose that the source of protons be a 
thin flat ring (of paraffin wax) WW, whose, piano is midway 
between the source of a particles P and the zinc sulphide screen 
S. Then if R be tlie number of a particles per second omittwl 
equally in all directions by P, and n=iF{ 0 ) be the number of 
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protons projected at all angles between o and d* by a single 
a particle passing through a layer of hydrogen gas at N.T.P. 
I cm. thick, a simple calculation shows that the number x of 
protons falling on unit area of a screen normal to PS is 


Rt 

x6jtr^ 


[F{e,)-Fm, 


where t is the mean value of t sec y* is the mean value of y*, 
t being the thickness of the paraffin-wax film expressed as a 


8x/0"* 



Fig 14. 

Number of protons pi ejected at difiEerent angles by a particles of 
various velocities. 


layer of hydrogen gas containing the same number of hydrogen 
atoms, and r the distance of a pomt of W from S. By usmg 
different annuli of wax, having various values of 61, 62, and 
counting scmtillations on S, Chadwick and Bieler have been 

• This number is the « of equation (4), which, of course, only holds for the 
inverse square law. 
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able to liiul J’{0), wliii'li thfy fxprt'hh l»y piottiiif; ii ai^ainst 0,* 
J)ir<-c.l inipact of scattrn'd « lays <m tlui zinc .suljihuli< screen 
was, of ruursts jiutvcntcd by a snitabU* alistnbin^ screen 
of aluminium foil placi'il close to .S', so that all scintillations 
counted were due to jirojcctinl piotons. i,f shows the 

results for vaiious veltM'ities of (x particles, i*xpress<‘<l in the dia- 
gram as ranges in air. It will be st'en at omu* that far more 
protons aiv projected through small values of 0 by fast a particles 
than by the same numbei of slower (x pai tu'le.s. Koi the slowe.st 
(X piu-tieli'S tlu! curve appioaches that to In*. e,vpec,ted on the 
inver.se sipiaie law, e.\pres.sed in equation (,j), and the, ri'sults for 
a particles ol ranges liom e cms. of air to i cm. of air (not 
shown in the diagiam) agiee closely with calculation fiom the 
simple law, with regaid to the absolute numlM*i of particles to 
be expecti'd at various angles as well as witli legaid to the 
general form. 

Further evidence pointing to the faihiie ot the invei.s*' sipiaic 
law for close collisions has been .supi>hed by expciimeiits of 
a dilterent type. A. L. AlcAulay has measuied tin" ionisation 
produced by the puitons projec.teil fiom a paiallin-wa.'c film 
by a homogeneous beam oi « pai tides A sliallow ionisation 
chamber connected to a pailiculaily sensitive I'lectioinetei is 
used, and the ionisation measured with vaiious thicknesses 
of absoiber between the wax iilm anti the chambei h'lom the 
figures obtained tlu* numbei of piojected piotons of vaiious 
ranges can be dediaed, and from tins the numbei of ^irotons 
protected at vaiious angles in the collision Mc,\nl.iv has con- 
cluded that the closei the collision the greatci is the pioportiou 
of protons projirtisl stiaight foiwanl, but that only for veiy 
dose collision are all the protons sent straight on 

The preference of the piojected piotons for the diiec.tion of 
the original a particles cannot be leconcileil with a sphoiical 
nucleus, and has led to various conjectures. It can either be 
supposed that the nucleus is normally aspherii'al flattened, 

* Following a notation of Darwin’s, p, instc.wl of «, nu-iy bo plotted against 
0. p lb a, longtli defined by Jpsznp*, wliere P is the ptobabilily that a collision 
will load to an angle of projection less than 0. Tliis is convonieut for cotn- 
panson with the detailed matiiematical calculation, but exhibits the general 
result loss directly. 
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let us say — or that it is deformed to a flattened shape by the 
stresses set up by the near approach ot another nucleus 
Darwin, discussing the qxxestion at length, has tried various 
model nuclei, including one in the form of an elastic plate, which 
is supposed to set itself xvith its plane normal to the path of 
the nudexis. This is Rutherford's original assumption, and 
obxdously gives a greater preference to the forward direction 
for the struck particle. (Since the helium nuclexis is the more 
complicated, it is taken as the plate-hke one, the hydrogen 
nucleus being assumed to be a point charge.) The agreement 
is not exact, and the assumption that the nucleus consists of a 
bipole, t.e. two equal charges of the same sign separated by a 
finite distance, has been tried, and also gives a rough agree- 
ment with experiment. The experimental data are not very 
precise, which, considering the experimental difficulties, is not 
astomshing, and this, combined with the fact that we know 
nothing at all of the behariour of charges at the distances con- 
sidered here, makes speculation as to the shape of the nucleus 
more a matter of fancy than for sober computation. For in- 
stance, the charges in the bipole which are assumed to be 
separated by a distance of the same order as the distance of 
closest approach, cannot act on one another with forces any- 
thing like the orffinary electrostatic forces, or the nuclei would 
be unstable. Chadwick and Bieler, comparing their result 
with Darwm’s calculations, have come to the conclusion that 
the best agreement with experiment is given by the assumption 
that the a particle behaves in these collisions as an elastic oblate 
spheroid, of semi-axes 8xiO”^® cm. and 4x10““ cm. respec- 
tively, moxung in the direction of its minor axis. The repulsion 
between a particle and proton, on this view, obeys the mverse 
square law xmtil the proton (treated as a point) reaches the 
spheroidal sxirface, when it encounters a very powerful fieldj 
of force, and recoils as from an elastic body. Speaking genMuJlyi 
the anomalous behaviour sets m at a distance between protiHi 
and a particle of the order 5 ^ lO"^® cm., while scattering experi- 
ments have shown that for distances about ten times this 
the nucleus can apparently be regarded as a point charge in 
all cases. 

It need scaxcdy be said that many control experiments have 
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been made to see il tlu> loug-niiige partudes are n‘iilly to be 
attributed to hydrogen. I'liey art‘ produced in all hydrogen 
compounds, stich as jjaraflin wax. To make sun* that the pro- 
jected long-range particles are really hy<lrogen nuoUd they were 
subjected to electrostatic and nuigiudic deflection, according 

to the principle used for finding ^ and v for the electron, llie 

M 

deviation is, of course, small, of tlu! order of that for the a 
particle ; for details of the experimental arrangi ‘incut, Ruther- 

ford’s original pape-r must be, consulted. It was found that - 

M 

had the same Vidue as for the hydrogen atom in I'lectrolysis, 
malcmg it reasonable to assume that the long-iangi* jiarticles 
are hydrogen atoms with a single positive' charge, or, in other 
words, hydrogen nuclei, or jnotons Tlui vt'locity agiced 
within expcnmental error with that c.alculateil on the a-ssumj)- 
tion that thcie is no loss of eneigy on impact. 'I'his shows 
tliat there is no sen.sible radiation of eneigy in the collision. 

Collision of a Particles with Oxygen and Nitrogen Atoms. Nuclei 
of Mass 3? We have seen that wlu’U an a paitiele stiikes a 
hydrogen atom it communicates to it a veloi’il y whii'h has a v.ilne 
l-() times that of the « particle, con esiionding to adiiect impact, 
or smaller values coiresponding to ol)li([ue impacts, and that 
accordingly we have long-range liydiogen atoms of vanous 
ranges not exceeding a fixed maximum. If we tuin to consider 
mipact with other atoms, the (luestion bcc'omes much inoie 
complicated. 

When the a particle strikes an atom it will not eonumimeate 
large velocities to it unlo.ss its original path passes near the 
nucleus. If it does this, so that the nucleus is suddenly 
accelerated, we do not know how fiu: tlii' extianueh'ai system 
of the atom is disturbed. We know that the a paiticU* pioduces 
ionisation in all gases, and in general tlie ions carry a .single 
charge.* But calculation shows that a .swift a piurticle pro- 
duces ionisation in, or separates an electron from, roughly every 

• In positive ray work caracis with multiple chargt‘.s ar«fro<iUfntly detected. 
Carbon and oxygon, for instance, give sonic camois with two charges, while 
witli mercury vapoui earners with eight charges have been found. 
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atom wMch it traverses, and so few of the paths through the 
atom pass near the nucleus that if such paths did, in fact, remove 
more than one electron from the atom, it would not be detected. 
We have, then, httle to guide us as to the state of the atom 
whose nucleus is struck. 

Even supposmg, however, that this were definitely settled, 
the formulae, due to Rutherford, Bohr and Darwin, which 
have been worked out to give the change of velocity, and hence 
the range, of a swift particle, all assume the swift particle to 
be simple and small, of the nature of a nucleus or an electron. 
If the nucleus cames electrons with it they will modify the 
interaction between the moving particle and the electrons of 
the atom through which it is peissing, an interaction which is 
responsible for the diminution in velocity (see page 40). As 
far as I know, nothing has been worked out m any detail on this 
point. 

Suppose, for example, that a particles are shot through 
nitrogen, producing a few swift mtrogen atoms by direct impact 
with mtrogen nuclei. We have no precise theoretical ground 
for expecting any particular range for a nitrogen atom so pro- 
duced, since to the action of the electrons of the stationary 
nitrogen atoms on the movmg nucleus we have to add the inter- 
action of the electrons, and the action of the electrons of the 
moving nitrogen atom on the fixed nucleus. Rutherford 
origmadly assumed that the moving nitrogen atom may be 
treated as a nucleus of nitrogen mass, but with umt charge, on 
which hypothesis a range can be worked out for swift nitrogen 
atoms moving through mtrogen in terms of the range of the 
incident a particles For direct impact the range so found 
exceeds that of the a particles. 

Experiments have shown that the a particles from radium 
C, when allowed to pass through oxygen, mtrogen, or air do, 
in fact, produce scintillations beyond the normal range. Taking 
air at normal pressure and 15° C , for example, the normal range 
of the a particles is 7 i cms., but scintillations are observed up 
to 9 cms. These scmtiUations would at first sight appear to 
be due to struck oxygen and mtrogen atoms originating in the 
volume of the gas. The question then arises as to whether the 
actual particles producing the scintillations are oxygai and 
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iiitrogcu uuoloi, or frugmouls of those* nuoloi ? VVlu>n pure 
oxygen and uilrogou uro tried soitarati-ly the Innit of range 
(9 ems,} is found to be* about the same in the two ease's, whicli 
tends to sliow that the particles are ne>t ae'tual ejxygenx jind 
nitrogen nuclei, sineti we shemld .se-are-ely expect tlui lu'avicr 
oxygen nuclei lt> treive'l as feir as thee uilroge>n nucUnis. It 
has been pointed out, he)wevt‘r, tluit so little* is knexwu of the 
laws which govern the* be'havie)ur of a striu’k nucleus e>t the*, mass 
in question, with tin unknown number e»f e*U‘elrous still adlu-ung 
to it, that it is unwise to bo dogmatic on this point. 

Carrying out t'xperimeuts of the ty])e* ele'.se'iibe'd in the* se'e,tion 
which deals with the luptxire of the nitioge'U iuu*Ie*us, m which 
the magnetic delle'ction is meiisuie*d by j» sjH'e'ieel ele'vice*, Kulher- 
ford origimdly concluded that his results with mtieegeu and 
oxyge'n were compatible with the* existeiu'e as a sep.nate' entity 
of a nucleus of mass carrying a ehaige* 2, preijeeti'd lioiu the 
atom with a velocity 1 -lej v, whe're* v is the' ve'loe it v of t he* imping- 
ing a particle. Such particle's nmst, to agiee with e"i.pe'tiineul, 
bo assumed to come fiom both oxygen anel nitiogi'ii with .ihout 
the same velocity, siiie'e the .shelter r.uigi* paitiele-s lioni oxyge'ii 
and nitrogen have eibout the same* i.eiige It se-e'iiu'd, tlie-ii, 
possible that the nuclei eontaiii p.utieles ol ni.iss e-one;- 
sponding to an unkneiwu gas 

ITie cxustence of .sue'h a new e'le'int'iit must be* eonsideie'd 
very doubtful, or, at le'ast, ueit be'voiid (iiu'slion It is tiiu; 
that Bourgel, Fabry aiiel liuissou luut' eoneludi'd lh.it tlie-ic 
exists m the nebulae an elt'uie'ut ol .itiuiiie weight abend 
basing their estimate on the broadening, by l)e»pple'r e-lle'et, 
of the lines of unkimwn origin m the* spe-eli.e eil the lU'lnilae*, 
to account for which the gas lU'beilium has be'e'ii peistuiate'el. 
Rydberg, too, decided some years age>, 011 spee'.tiose'opic grouuels, 
to create two new elements betweien liyehoge'u aiiel he'lium. 
But on other grounds there is no idace fe>r a ui'W e'le*inent in this 
position: all experiment londs to .show that bydrogeiii has 
nuclear charge 1 and helium uucli'ar ('barge z. TIutc is, of 
course, the possibility of an isotope of helium, with atomic weight 
3 and nuclear clxarge 2, but such an isotope should give 
approximately the same line spectrum as helium. 

Rutherford himself has since announced that he is not 
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contented with his original experiments on this point, and does 
not consider that they establish the existence of particles of 
mass 3 It appears that a marked variation of the thickness 
of films of metal foil used as absorbers tended to falsify the 
fixmg of the source of the particles which produced the scintil- 
lations. It has smce been found that some parts of a foil 
whose average stopping power, deduced from the weight, was 
3*8 cms , had a stoppmg power of only 2*5 cms. Rutherford 
and Chadwick have shown quite recently that radium C itsdf 
emits, m addition to the o particles of range 7 cms. which have 
long been recogmsed, other a particles of range 9*3 cms. and 
II -2 cms. The nature of the particles has been proved by their 
magnetic deflection These appear whatever material is used 
to absorb the mam beam of a rays, and are to be regarded as 
two groups of swift a rays from the radium C nucleus which, 
m all probablity, represent new t37pes of disintegration of that 
element. Now when the particles come from the radioactive 
source, the method of determination of mass, based upon the 
assumption of a production m the volume of the gas, is no 
longer vahd. It may be said, therefore, that there is no 
unexceptionable evidence in favour of the particles of mass 
3 Their possible existence has been discussed here firstly 
on account of the great interest which centres on the subject, 
and secondly to indicate the extraordinary difficulty of the 
experimental investigations of these points. 

Systematic photographs of the tracks of a particles towards 
the end of their paths have been taken by Shimizu, and, quite 
recently, by Blackett, using the C. T. R Wilson method of 
rendering the ionisation produced visible by cloud production. 
These photographs show that recoil mtrogen and oxygen atoms 
aie comparatively numerous, but too little is at present known 
of the behaviour of such slow-speed particles to enable detailed 
conclusions to be drawn. 

The Ruptoie of the Nitrogen Nucleus. More strikmg results 
derived from observations on the passage of a particles through 
nitrogen are now to be considered. There are always a certam 
number of very long-range* scintillations observed with a 

♦ By this IS indicated ranges far beyond that of the a particle, up to, in fact, 
28 cms and more in air 
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ladittm C source, due oUIkt to liydro}];t>u atoms shot out from 
the nucleus of the radium C atom tlu'n*, is no otlier reason 
to believe that radioactive atoms th(‘nis<>Ives emit swift 
hydrogen atoms, but, oir the other hand, the few atoms in 
question could scarcely be detecte<l by any other mcthotl — 



Absorptfon tn ems of otr 
Kit. i*) 

Long-iaiige piotoiis lumi ni(r()^;on 

or to a particles striking hydrogen atoms eontaini'd in con- 
tammations of the source. 'I'lie introduction of nitrogen 
between source and screen increases the uumlier of long-range 
scintillations, in proportion to the piessure of the gas, while 
oxygen, or oxygen compounds sucli as carbon dioxide, do not 
increase the number. Air produces an effect proportional to 
its nitrogen content. A scries of checks have shown that the 
increased number of long-range particles is really due to the 
nitrogen and to no other cause. Since the range is far beyond 
that possible for struck nitrogen atoms on any reasonable 
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assumption, and is approximately equal to that to be expected 
for struck protons, Rutherford has concluded from Ms 
experiments that when a swift a particle strikes a nitrogen 
nucleus it can knock a proton out of it. The nitrogen nucleus 
must, then, contain a proton as part of its structure. From the 
experiments it appears that only one impact out of twelve 
close collisions, giving rise to a swift nitrogen atom of maximum 
range 9 cms , can liberate a proton from the nitrogen nucleus. 

Fig. 15 expresses the way in wMch the number of long- 
range particles diminishes with absorption. Curve B is for 
air, curve A gives the " natural *' long-range scintillations due 
to the source (with carbon dioxide at a pressure calculated 
to give the same absorption of a rays as ordinary air), while 
curve C, expressing the difference of B and A, shows the 
scintillations ansing from the presence of the nitrogen. 

The long-range particles from nitrogen have been definitely 
proved to be hydrogen nuclei by deflection in a magnetic field 



Ruthei ford’s apparatus for identifying long-range protons. 

The apparatus used by Rutherford is shown in Fig. i6. The 
disc held by the stand C is the source of the a particles. A 
and B are two parallel plates 6 cms. long and i*5 cms. wide, 
separated by a distance of 8 mm , so as to allow struck atoms 
which go off at an angle enough room to emerge 5 is the zdnc 
sulphide screen ; absorbing screens inserted between 5 and R 
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stop tlio nitrogen or oxyg<‘n atoms of <) cnis. rangt*. When 
there is no magnetic fuiltl the bouiidaiy iK'twei'ii the region 
in which scintillations are fr<‘quent and that wlu'n* they occur 
only occasionally is given by the. lini' PRM, cutting th<‘ screen 
at M. nic effect of the field is to <lisplace this Ixmndary, 

cither ilowuwards or u[)wards accord- 
ing to the dir(>ction of tlie field. In 
this experiment the stnaigth of the 
li<*ld is adiust(‘d so that tlie s<’r(>en is 
just coveu'dwifh scinldlalions for one 
direclion, while wlu'ii (he direction of 
the field is i(“vei-s(‘d sciul illations aie 
mainly confined to flu* legion below 
a horizontal cioss-wue in flu* ohsiTv- 
ing microscop(« h'lg 17 shows the 
ai»pearance in the two <'as<‘s 

No veiy piecise (hshictions can be 
niad<‘ fiom this i“\peiim<‘n(.d lesiilt 
alone, since tlu“ long-r.uig<‘ particles 
arc pioduced at all parts of tlie lango 
from one end ol the plates to the other, 
although in greatei ([uantity near tlie soukh*, when- tin- velocity 
of the particle is high. Kullieiloid, however, ii.is adojited 
the device of repeating the expeiunents with a luixtuie of 
hydrogen and carbon dioxide, adjusted to have the same stop- 
ping power fora particles as air, whim thi‘ (‘tlei t ol the inagin'tic. 
field on the scintillations is mdislmguishahle fioiii the ellecl 
with air. Since in the case of the hydrogen luixtuie the 
long-range particles can, fiom results alieadv loiisideied, he 
nothing but hydrogcmiucloi, tlusaltoidsa prool that tlu‘ long- 
range particles produced fiom nitrogen are 111 fai't jirotoiis. 
The only possible source for tlinn is llu* niliogeii nuchais. 
lions-Bi^e Particles from other Light Elements. When 


+ 

I^'IG 17 

('hangc of a]>|HMicinoo of 
SCI ecu olfcclctl by rovcisal ol 
magnetic fieltl. 


nuclei arc disintegrated the laws of conservation of eiuTgy and 
of momentum do not necessarily connect th<‘ vidocity of the 
a particle before collision with tbe velocities of the a particle, 
main body of the nucleus, and fragnumt of (lii‘ nucleus after 
collision. The potential energy wliu'h tbe nucleus may bo 
supposed to possess in virtue of the state of tension between 
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its parts, or the kinetic aiergy which it perhaps possesses in 
virtue of a possible motion of the nuclear constituents, may be 
involved in the rupture Theoretical considerations, therefore, 
lead us to beheve that an o partide ot given velodty may 
produce long-range protons whose vdodty is in excess of 
that calculated from simple me chanic al considerations. 

It has been shown by Rutherford and Chadwick that the 
long-range protons struck on by a partides from radium C have 
a maximum range of 29 cms. (in air) if produced from hydrogen, 
but a maximum range of 40 cans, if produced from nitrogen. 
Various other light elements have been tried with a view to 
the production of long-range protons. In their experiments 
of 1921 and 1922 Rutherford and Chadwick usually subjected 
the elements to the action of the a rays by placing a film of 
the solid oxide, deposited on a gold foil, between source and 
screen. Long-range protons from the nudei were detected 
with boron, mtrogen, fluorine, sodium, aluminium and phos- 
phorus. That the long-range partides so produced ard 
actually hydrogen nuclei has been proved by deflection in a 
magnetic field, and that they are not due to chance atoms of 
hydrogen present as contamination in the film is evident from 
their ranges, which in the case of all the dements ]ust mentioned 
notably exceeds the 30 cms. range in air characteristic of free 
hydrogen nuclei set m motion by a particles from radium 
C. Partides of range less than 30 cms. were observed with 
films of certain other light elements, but the inevitable presence 
of hydrogen contaminations made it impossible to attnbute 
them with any confidence to the nuclei of the elements in 
question so long as this method of observation was used. 

An important charactenstic of these particles struck out of 
complex nuclei by a rays has, however, enabled Rutherford 
and Chadwick to modify the method so as to deal with protons 
of range less than 30 cms. Whereas with hydrogen as the 
bombarded material nearly all the protons are thrown directly 
forward, it was found that with the other elements nearly as 
many long-range protons proceed backwards as forwards. 
The velocity of the forward protons is always somewhat greater 
than that of the backward ones, but the effect dearly indicates 
that the rdease of the protons from, the nudei is due to some 
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kind of trigger action. In su|)ix>rt of tlii.s it may bo noted that 
the energy of the ]>r<>lon8 of yo cm. range roleasiid from aht- 
miniuin is greater than the lohil tmcTgy of the rolea.sing « 
pariioJe. It follow.s that whcriau? the protoms diu^ to iiydrogcn 
contaminations are to be found only in the forward tlircction, 
lirotons leleiiseil from comjilox nuclei by trigger action iuitiatoil 
by tt particU's arc to be expected in any direction in numbers 
not v(‘ry dilliTent from those in the forward direction. It is 
by taking advantage of this ]>o.ssibility of di.stinguishing bi'twcen 
th(! two that Rutherford and Chadwick Iiave betm enabled to 
make a fiuther advance. In the new method the niu'Iear 
inotons are looked for at light {ingles to the pow<‘iful hc'iim of 
a liiys which liberates them. The source sind tin; nuiteiial to 
be investigated jirc in <111 cv{icuated box, and the zinc sulphide 
screen is phu'ed outside, over a hole covered with a sheid of 
mica of stopping power equivalent to 7 <;nis. of aii. 'Jlait no 
hydrogen nuclei from hydrogen atoms, or « p;irlicles fiom th(‘ 
.source, can leiich the .screen under these eoiKlitions is clesirly 
shown by the fact that no scintillations are ohservotl when a 
sheet of paraffin wax is bombarded 

With this arrangement it has bec'ii found that, in .addition 
to the dements .already mentioni'd, the following give rise to 
protons of range exceeding 7 cms. . neon, niagnesimn, silicon, 
.sulphur, clUonne, argon and potassium. 'I'lie miml)er.s of 
protons from these elements are small <'om])are(l to that fiom 
aluminium under the same conditions, va tying between J find 
a'o of the latter. Ulie maximum ranges have not beem {w cunitely 
determined at the time of wilting, but Jippi’ar to lie between 
18 and 30 cms for all dements in qiie.stion except neon, for 
which the mnge is less, about 16 cms I'he following cleiiK'nts 
have been tested for long-range pi'otons with negative results 
helium, lithium, carbon, oxygen, iron, nickel, copper, zinc, 
selenium, krypton, molybdenum, palladium, silver, tin, xenon, 
gold and uranium. 

The range of a scattered a partide is less than that of the 
original a partide whenever the deflecting nucleus is light 
enough to take up an appredable fraction of the energy of the 
inddent partide. Tliis range depends, of course, upon both tlie 
angle through which the partide is deflected and the ma.ss of 
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the scattering nucleus * ; for instance, with carbon as scattering 
material, and the angle a right angle, as in these experiments, 
the range of the a particle is reduced from 7 cms. to 2*5 cms. 
by the interchange of energy at deflection. Hence a sheet of 
mica of very small stoppmg power can be used to stop all 
scattered a particles, and protons of range down to 2 or 3 cms. 
can be looked for by this method. No protons even of this 
short range were detected with carbon. 

The results are summarised in the following table : 


NUMBER AND RANGE OF LONG-RANGE PROTONS 
FROM VARIOUS ELEMENTS 


Element. 

Atomic 

Number 

Mass 

Numbers 

No of 
Particles 
per minute 
per milli- 
gram 

Maiumum range of particles m 
cms of air. 

Forward 

At nght 
angles 

Backward 

Lithium - 


3 







Beryllium- 


4 

9 

— 

— 

— 

— 

Boron 


5 

II, 10 

>-i5t 

58 

— 

38 

Carbon 


6 

12 

— 

— 

— 

— 

Nitrogen - 


7 

14 

•7 

40 

— 

18 

Oxygen - 


8 

16 

— 

— 

— 

— 

Fluorine - 


9 

19 

•4 

65 

— 

48 

Neon 


10 

20, 22 

— 

— 

16 

— 

Sodium - 


II 

23 

•2 

58 

— 

36 

Magnesium 


12 

24,25,26 

— 

— 

About 25 

— 

Aluminium 


13 

27 

I'l 

90 

— 

67 

Silicon 

- 

14 

28, 29, 30 

— 

— 

About 25 

— 

Phosphorus 

- 

15 

31 

•7 

65 

— 

49 

Sulphur - 

- 

16 

32 

— 

— 

About 28 

— 

Chlorine - 

- 

I? 

35. 37 

— 

— 

About 30 

— 

Argon 

- 

18 

40. 3^> 

— 

— 

About 23 

— 

Potassium 

- 

19 

39. 41 

— 

— 

About 23 



Fig. 18 gives a graphical representation of the same results. 
For convenience of distinction the columns corresponding to 
elements of odd atomic number are black, and the columns 
for even atoimc number are white The heights of the columns 
are, of course, approximate, since for some elements the range 
has been measured only at nght angles to the bombarding 
beam of a particles, while in other cases the forward range is 
taken There is probably not much difference between the 
• See page 75 et seq 

+ -15 IS given by Rutherford and Chadwick in then first paper [Ph%l. Mag 
Nov. 1921), but in a later paper {Phil. Mag. Sept. ig2a), tiiey state HiAt *15 
IS too small. 

ASA. 
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forward and light-unglc range for a given olomont, and in any 
ease a high degree of aconrsvey eannot bt! hoped for at present 
in sncli measurements. 

Kii-sch and Petteiason have carried out ceitain expeiimcnts on 
the artificial disintegration of elements by exposing thin copper 
foils spread with layers of the substances to the action of 
radium emanation in contact with tlu'in. Th(‘y have found 
long-range protons from magnesium and silicon, for whieJi they 


Niinih*^r9 



KlO I 8. 

Kango ol prolons oxpollod from ihllcinit cleniouts by boinbaKlinont 
\N itli a ])arli( U*s 


give a forward range of 12 cms. and 13 cms. respectively, and 
also protons from lithium, beryllium, and aurbon, the range 
in the case of the last mentioned being only 6 cms. These 
latter results are in direct contradiction to the results of Ruther- 
ford and Chadwick. Wliethcr Kirscli and Pettersson have 
succeeded in establishing their contention is a matter on which 
the experts in this particularly difficult type of work must judge 
for themselves : if any others feel in doubt as to whetlier they 
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or Rutherford are more likely to be lu error on this popt, 
these doubters must await the test of time. 

From the earlier results it was supposed that a proton 
could not be separated from nuclei of elements of mass 4», 
where « is a whole number, but the most recent experiments 
have shown that this is not true. The most striking general 
feature of the results of Rutherford and Chadwick, readily 
visible from Fig. i8, is that protons from elements of even atomic 
number either do not occur or are of much shorter range than 
those from elements of odd atomic number. They are also, 
in general, fewer in number. These points are further discussed 
in Chapter VII 




Release oi a proton from a nucleus A, m the forward direction , 

B, m the backward direction 

The fact that the direction of emission of the liberated 
proton IS largely independent of the direction of the incident 
a particle and that the energy of the hberated particle occasion- 
ally exceeds the total energy of the incident a particle, points 
to a release of nuclear energy. The mechanism of this release 
has been the sub]ect of speculation Rutherford and Chadwick 
suppose that within the nucleus a proton revolves as a satellite, 
being held in its orbit by a central attraction. (There may, 
of course, possibly be more than one such satellite ) This 
implies that somewhere within that vague central region which 
we term the nucleus the force on a positive charge is an 
attraction, which changes to a repulsion as we go further out, 
a conclusion to which Bieler has also been led, as descnbed 
in Chapter II. The impact of the particle drives the satellite 
outside the critical surface at which the force is zero, and the 
proton is then repelled, acquiring a high velocity. Fig. 19 
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clearly expresses llie me<'hanism contemplated. Against this 
Pctti'rsson luis jait forward what lu* tiTined an ('xplo.sion hypo- 
thesis, which .s\i})poses that the t'ffeet of the imjiact of the 
« paiiielu is to initiate* a distnrbanco by whi<;h the proton Is 
shot <nit with a velocity, rclalive io the residual nneleus, inde- 
pendent of the eliree'tion. 'I'he <lilTerenet! betwt*en forward and 
backward velocity is dne to the forward motion ('omiminicatcd 
to the nucleus as a whole. Tlio <mly figures which he invoke.s 
to .su])])ort the h^'^jothesis show tlio kind of i)artial agree- 
ment an<l disagreement whi<‘h scar<’<‘ly carries <‘<inviction. 'Hie 
(‘xperimental facts are not yt‘t sufl'u'iently mmu'rous or 
siilhciently i)recise to bear the load of s]>e(*ulation that willing 
liaiuls aie leady to lusi}) upon them 'riu* advantage of the 
sat(*llit(‘ hypothesis is that it does give a mechanism, artificial 
as it may be, by which the emission might be sup])osed to be 
obtained • tin* ('X])losion liypothesis givi's no ]>i( lure. 

The information aflorded by thesi* astonishing (‘X])i“rimenls 
of Rutherford’s is considered further m ('haptei VII , when the 
constitution of the nucleus is discus.s(‘d This playing billiards 
with nuclei is a lemaikable technical fi*at, and the whole series 
of experiments dcjicnds upon our ability to deal with single 
atoms The amount of dismt<“gration taking plai e in tlu* atoms 
exposed to lapid apai tides is exci-ssivcly small toi instance, it 
can be calculated from the .scintillation lesnlts that if the whole 
a radiation from i gram of radmin were allowed to fall upon 
nitrogen atoms for a year, only 5x10 * cubic millimetres of 
hydrogen would be set fri'e, a quantity which it would be 
troublesome to detect by ordinary means, to say the least. 

The scintillation method no longer pi ovules the sole evidence 
for the disruption of the nitrogen nucleus by favourable im- 
pact of an « particle. lilackctt has recently succeeded in 
photographing by the Wilson method collisions resulting in 
the expulsion of a proton. Thie general method is the same as 
that by means of which the tracks in oxygen and helium were 
photographed in the earlier experiments (sec p. 34), two 
photographs being taken simultaneously from directions at 
right angles, which enables the tracks to be located in space. 
Since Rutherford and Chadwick have shown that for a million 
o particles of range 8-6 ems, the expulsion of a proton from a 




IM.A'nC III 



Double IMiolograph of n Kuy Tr.ul\s, showinj; Disruption of Nitu ii>( ii 
Nucleus and KxpiiIsKin of rrolon. (IlKokcM ) 

The tiatlv showing the disruption is llie one on the cstieiiic Ic It in the Ml hand 
])hotograph , the same ti.u U appears ne\t to the eMieme left iii ihe right h.iml 
tihotograpli The thin straight branch is the track ol the proton ; the shoit l»rnt 
biani h is the tiatk of tlie slnu k nucleus 


t i> i«ii] 





DISRUPTION OF THE NUCLEUS 101 

nucleus takes place in only about twenty cases, it was necessary 
to take a very large number of photographs. Actually Blackett, 
using the a rays from a deposit of Thorium B + C (which gives 
particles of range 8*6 cms. and of range 5 cms.), has taken 
about 23,000 photographs, showing some 270,000 tracks of a 
particles of range 8'6 cms. and 145,000 tracks of range 5 cms , 
and among these has obtained record of 8 tracks resulting in 
the expulsion of a proton. This agrees as well with Rutherford 
and Chadwick’s estimate of the frequency of occurrence of 
such collisions as can be expected, considenng the large proba- 
bility variations of such small numbers 

An example of Blackett’s results is given by the beautiful 
double photograph reproduced in Plate III. The desired track 
IS seen on the extreme left in the left-hand photograph, and 
is the extreme left but one in the right-hand photograph. 
The track of the expelled proton is very thin compared to the 
main track, and presents a beaded appearance, characteristic 
of small ionisation This agrees with expectation, since the 
ionisation due to a movmg particle is proportional to the square 
of its charge, and is inversely as the velocity, both of which 
factors contribute to make the ionisation produced by the 
proton considerably less than that produced by the impmging 
a particle. The appearance of the anomalous track is not the 
only evidence that it is produced by a proton The angles 
which it makes with the other components of the fork are 
not consistent with elastic coUision The three limbs are, 
however, coplanar, which supports the natural hypothesis 
that, although kmetic energy of translation is not conserved 
in such a coUision, owing to the internal nuclear energy being 
involved, yet the conservation of momentum still holds. 
Calculation based on this assumption shows that the velocity 
of the proton, of mass i, deduced from measurement of the 
angles of the fork agrees well with Rutherford and Chadwick's 
deduction from the range in their experiments Blackett 
has obtained, among the eight pictures of nuclear rupture, 
a photograph of a proton ejected backwards, which constitutes 
another proof of the nature of the collision. 

It is remarkable that the fork shows two prongs and not 
three, as might be expected to correspond to proton, broken 
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nitclcns, and a particle after collision. The c.onclnsion that 
the a particle i.s captured by the nucleus, and that tlui heavy 
branch of the fork repres<‘nts the i)ath of the wiw mioleus so 
formed, st'exns incsvituble. The « particle <'aunot lose enough 
energy in the collision for it to c{'a.se to ionise, since, if it leaves 
the struck nucleus at iill after the cIo.m‘. approach necessary 
to eject a proton, it must aiupiini a high sp<‘ed m the nspc'lling 
fukl. The length of tlu; track of tht‘ heavy nucleus is con- 
sistent with an atomic number 8, but can only ii.x tlu! mass 
within fanly wide limits, as lying between iz and 20 say 
The positive evidence, then, imlu'ates that tint re.s»ilt of a 
de.stnic.tive collision of an a jxaiticlt! with a nitrogini atom is 
that a proton is e.xpelled fiom the nucleus, and that the a 
particle remains sticking to the shatteied nucleus, foinuug a 
new niK'leus of atomic number 7 i t i H, and mass i.} 114 

17. Such a nucleus would characteiisi* an isotope of oxygen 
This isotope cannot be of fiequent occuiience, since, its exist- 
ence is not indicated by A.ston’s mass deteimmations, noi by 
atomic weights Little can be profitably said about it at the 
present moment. 
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CHAPTER V 

POSITIVK KAYS 

Introductory* By various devices i>ositiv('ly <‘liarg(*d 

atoms wliicli arcs always pn^simt m a low-pnssurc* liibo through 
which a discharge is passing can be si‘paiatt‘d out into a lu^am, 
consisting of discrete atoms or inoU‘('uU\s dying all in one 
direction. Of recent years this Ix^am has het^n much studied 
with a view to obtaining information as to th(‘ chaig(‘s which 
atoms can carry, and tlu^ nurhamsm of light emission. For 
our purpose, the chief importance* attadu's (o tlu* it*si‘ar<'h(‘s 
of J J. Thomson and of W Aston, who hav(‘ shown how from 
the positive rays the masses of atoms and inoleculi*s, and the 
charges carried, can be ac'curatcdv dc‘du('ed. 'Flu* i(*('(‘nt results 
of positive lay analysis have j)roved tin* i^xistisua* ol isotopes 
of a vaiiety of common elements, and that, wlu*n tlu‘ (‘Xisttuice of 
these isotojies is takc*n into considcTation, tlu' atomu' weights of 
all elements, t‘xcept hydrogen, an* (‘xact wholi* miinl)<*rs when 
('xpres.sed in terms of oxygen, taken as lO. 'Fins has introduced 
a far-reaching simjilification into the thcoiy of the nuch‘us. 

Older methods of determining the ma.ss<\s of atoms an* in- 
direct, and give what is, in effect, the avt‘rage mass for the very 
large number which go to make up weigliable quantities of 
matter. Tlie positive ray method has, for the* first time, 
established definitely that a small series of whole nunibc*rs repre- 
sent the weights of all atoms — that the atoms of a giv(*n sub- 
stance do not have a continuous range of weights, with a most 
probable value, like the velocities of molecules in the kinetic 
theory of gases, which was liitherto a possible belief. The 
method has also established the existence of new molecules, 
such as H^, It deals, of course, with extraordinarily small 
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quantities of matter, for, while any ordinary chemical method 
needs at the very least io“ atoms, it has been estimated that 
10* atoms are suf&dent to give a wdl-marked record by the 
positive ray method. We are in it approaching the results 
possible in the case of those " natural ” positive rays, the o 
particles, where single atoms can be detected.* 

Nature and Piodtidaou Positive Bays. The term " positive 
rays” does not describe accurately the radiations with 
which we are now concerned, for the positively charged 
paitides are accompanied by negativdy charged and neutral 
particles. What is truly characteristic of the rays is that they 
consist m aU cases of flymg material atoms, or groups of atoms, 
there being no transport of free electricity. It is probably 
now too late to modify the nomenclature, but it would be more 
consonant with the facts to use the expression “ molecular 
rays ” (the term molecule including single atoms) or, by analogy 
with Aston’s term " mass spectrograph,” " mass rays.”t 

Positive rays can be produced in different ways. In the case 
of the familiar canal rays, which make their appearance when 
a pierced cathode is used, the rays stream through the holes and 
travel in the opposite direction to the cathode rays : it is with 
rays so produced that most of the important experiments to be 
discussed have been earned out. It may be well to recall, how- 
ever, that they can also be produced with cathodes made of two 
parallel plates metaUically connected, or with two thin parallel 
wires used together as cathode. In a canal ray tube there is 
also a material radiation which travels m the same direction 
as the cathode rays, from which it can be separated by deviating 
the cathode rays magnetically This constitutes what Goldstein 
called rays J J Thomson speaks of it as retrograde rays. 
Rays of a matenal character have also been produced, by W. 
Wien, from a pierced anode, and by Gehrcke and Reichenheim 

* It IS perhaps worth while recalhng in this connection the fact that von 
Dechend and Hammer claim to have obtained discrete scintillations with 
canal rays of high velocity. Energy considerations, however, make it doubtful 
if true scintillations have been obtained, or, at any rate, if they can be due to 
the impact of single atoms. 

f 1 flTn much gratified to note that, since the publication of the fbrst edition 
of this book. Dr. Aston has approved the nomenclature here suggested, and 
adopted it himsdf. 
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from an anode containing an enclosure of, or impregnated 
witli, a metallic salt. These rays are generally csdled anode 
rays. Gehreke and Keiehenheim’s method of production has 
the advantage that atomic rays of the light metals can be 
comparatively ojisily produced by tising a hollow anode filled 
with a salt of the given metal, anti it has bet'n utilised recently 
by Aston and by G. F. 'rhomson. Tht; salt is usually mixal 
with powdered gnijihitt! for convenienctj in manipulation. 
Another method of obtaining mass rays, also due to Gtshreke 
and Rciehenheim, which has betm used with much succ'ess by 
Dempster and by Aston, is to emjiloy a hot anodt* coated with a 
metallic salt. 

W. Wien and J. J. Thomson have shown by independent 
methods that in the canal rays positive, neutral and negatively 
charged matcnal particles co-exist, and, further, that if the 
positively charged particles are separated out of the beam by a 
magnetic field they arc subsequently regenerated m the remain- 
ing beam, as may be shown by a second magnetic field. Some 
particles remain positively charged throughout tlunr path, 
others become neutral or negative, and partn'les that have once 
become neutral may acquire a charge again. In fact, however 
the rays be treated, an equilibnuni is siiec'dily t'stablishcd in 
which the ratio of the number of the chaigi'd to the. uncharged 
particles is constant under given condiUons. Wien showed 
that the lower the pressure the smaller the ellec.t of a magnetic 
field in diminishing the heating and phosphore.sceiit action of 
the original beam, which indicates that at very low pressures 
partidcs which have once become neutral remain so. In short, 
a great body of experimental facts points to the following 
mechanism. The mass rays which pass through the pierced 
cathode in a discharge tube at low pressure arc atoms, or com- 
binations of atoms, which have acquired a positive diarge by 
loss of dcctrons in the region of strong ionisation in front of the 
cathode, and have consequently been accdcrated towards the 
cathode by the large potential gradient in the dark space,* 

• The total drop of potential is practically concentrated m the dark space. 
Positive particles generated at the far boundary of the dark space will there- 
fore have a velocity which corresponds approximately to the total drop : 
particles generated in the dark space will have lesser velocities varying with 
the distance of their point of generation from the cathode. 
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They shoot through the hole in the cathode into a region of 
low pressure, where, however, they make in general a certain 
number of collisions with free dectrons.* These collisions lead 
to the neutralisation of the positive atom, or the acquisition of a 
positive or negative charge by the neutral atom, according to 
circumstances. A great deal of work has been done on the 
theory of these changes which need not detain us here. We 
conteat oursdves with stating that the whole question is bound 
up with the mean free path of the charged and uncharged atoms 
shot through a very low concentration of stationary particles. 
Ordinary gas-kinetic methods can be apphed with some 
success. 

The fundamental results are obtained by considering the 
record of such particles as retain their positive charge through- 
out their path from the deflecting system to the photographic 
plate on which they are received. Both particles with a con- 
stant negative charge, and particles which have been positively 
charged for part of the path only, also, in general, leave their 
traces, and for the full interpretation of the photographs some 
consideration of the mechanism sketched above is necessary. 

The Method ol Crossed Electric and Magnetic Deflection. J. J. 
Thomson evolved a powerful method of determining the 
mass and charge of all the flying atoms and molecules present, 
by making use of an electric field supenmposed on a magnetic 
field. The lines of electric and magnetic force have the same 
direction, and therefore the deflections of a movmg charge due 
to the two fields are at right angles to one another. The appa- 
ratus is represented in Fig. 20. The bulb A is made very 
large, smce this is found to facilitate the passage of the dis- 
charge at the low pressure necessary in these experiments. B 
is the pierced cathode, cooled by the water jacket C. M is the 
magnet producing the magnetic field ' the pole pieces are 
insulated electrically, so that the electric field required can be 


* That it IS collisions with electrons, and not with atoms, which causes the 
changes of charge is indicated by, for instance, the expenments of Komgs- 
berger and Kutschewski. They showed that the velocity of the rays is 
independent of the pressure over a considerable range (5 x lo”® mm. to 5 x io"* 
mm ), whence it is concluded that the changes of charge have no appreciable 
effect on veloaty, and so that they cannot be due to impacts with the com- 
paratively heavy atoms. 
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mainlainwl bctwcson tlu'in. 1) is tlu* anotU* ; II is the plioto- 
graphic plate, nonnal to the uiulellecHed J)<‘am, on which the 
rays recortl the-insclves. 

We consider the true.c left on the plate wlu-n the two fields 
are acting, the innlually p«‘q)en<lieular <lefiee.tions, mejusured 
on the plate from the spot whi*n‘ the un<U'ileet<*d beam strikes 
it as origin, Ix'ing and Let e, m, and v lx; the ('harg<‘, mass. 



Kk. jo 

Positive My ajiiKiMlus 1<«* paMbola mot hot! 

and velocity respectively of tin* particle If llu* dcllections are 
not large, we have for that dui‘ to the ele<‘tiic field of strength X 


and for that due to the magnetic, field of si length II 


y 



»iv 


C'l and C'a are constants which depend only on the dimensions 
of the apparatus used.* Mence 

y_C2lI y* CVII^ e 
x~CiX''^' X a: ’wi' 

Particles moving with a fixed velocity will give on the plate a 

* For mstancoi if the fields be considered to extend over a distance b, and 
to begin and terminate sharply, and if the flistance of the photograpliic plate 

from the remoter end of the field be J, then If allowance is 
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straight line passing through the origin, no matter what their 
charge and mass. Particles for whidi e/m is constant will give 
a parabola passing through the origin. Reversing the sign of e 
reverses, of course, both deflections, and gives a parabola in 
the opposite quadrant, so that negativdy charged particles 
give separate traces 

Kbnigsberger and Kilchling, and others, have made use of 
the parabolae for investigating e/m, but the most fruitful experi- 
ments have been carried out by J. J, Thomson, in whose hands 
the method of positive ray analysis has been made to yield very 
elegant and important results. The constants of the apparatus 
being known, it is dear that every parabolic trace obtained 
gives a numerical value for ejm. It may be noted that for 
measurement it is convenient to reverse the magnetic field 
during the experiment, so as to obtain pictures symmetrical 
about the axis of x. 

Good photographs taken by this method, examples of which 
are given in Figs i and 2 of Plate IV.,* show a senes of dearly 
defined parabolic arcs, all termmating on a hne parallel to the 
y axis. Different points of the same arc correspond to different 
energies, the value of x being inversdy as Ae energy. The 
sharp termmation of the parabolae comes from the fact that 
there is for aU particles in a tube run under given conditions a 
maximum possible value of the energy, corxespondmg to the 
full potential drop. In addition to the parabolae due to the 
positively charged particles there are others, much famter, due 
to negativdy charged partides, which can also be seen m Figs, i 
and 2 of Plate II. There are also certain faint lines connecting 
the origin to the parabolae, which are examples of the so-called 
secondary rays. These must be set down to particles which, 
owing to collisions, have been positively charged for part of their 
journey only, and therefore have, effectively, a reduced value 
of effn. The full consideration of the different possible cases, 
and their experimental representation, does not concern us 
here. 

to be for the fact that m reality the fields do not begin and terminate 
sharply, then obviously and CJl are to be replaced by mtegials involving 
the variable X and H. 

*My thanks are due to Di. F. W. Aston for permission to use these 
]^otographs. 



no STUUCTUUK OF TIIK ATOM 

From a consideration of mass ray pholoKraphs J. J. Thomson 
(lodncod varions possible masses of atoms aiul inoluenUts.* The 
ratio ejm does not, of course, fix m iminetliately, since the 
possibility of multiple charges has to be considered, but the 
uncertainty so introduced can l)c eliminated by other considera- 
tions. Irt us, for exainjih*, take the case of ni'on. On the 
assumption of a single charge, a parabola is found which gives 
m corresponding to atomic wtdght 20 ; this is obviously due to 
neon atoms with om^ positive, charge, ami not to calcium with 
two charges, siiu't* it is only found strong wlu'u neon is deliber- 
ately introduced into the tube. Accompanying this is a para- 
bola which gives an atomic weight of 22 if one <'harge lx; assumed. 
No gas of tliis atomic weight was known at the time of J. J. 
'Iliomson’s original experiments, so the possibility that this 
was dne to doubly charged atoms of carbon dioxide (atomic 
weight 4.^) had to be considered. It was fouiul, however, that 
while washing out the disehaigc tubes with gases which had 
been drawn tlirough a tube inmuTsed in li(iuid air completely 
removed the line corie.sponding to atomii' weight it l«‘ft the 
brightness of the 22 line undiinmcd. 'I'his .showed that the line 
was not due to doubly charged caibon dioxide atoms, and, with 
other considerations, le<l J. J. 'rhomsoii to consider the I'xisli'nce 
of a gas of atomic wi'ight 22 probabh'. Since, then it has been 
definitely proved by Aston that tliire is an isotojie of neon with 
this atomic, weight. 

Some of the main results obtained by tin* paiabolie. method 
may now bo summansed. 'I'he existence of triatomie hydiogen, 
/fq, whicli has been confirmed by other methods, has been 
established The hydrogen atom with one positivt* charge is 
also ea.sily detected, but, while with other ('Icments doubly 
cliargcd atoms arc found, this is never the case with hydrogen. 
Whereas, of course, the fact tliat hydrogen atoms with two 
positive charges arc never found by this method docs not 
necessarily prove that they cannot exist, it sliould be noted that 
if they had been found the whole accepted theory of the 
hydrogen atom would have been jeopardised. For it is funda- 

The fact that the ijarabolae were sharp constituted tlie first direct proof 
that a given kind of atom has a definite mass rather than a continnous range 
of mass. 
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mental for modem theory that the hydrogen nudens — ^the 
proton — has only one positive diarge, and if this is true a 
partide of atomic weight one can never have more than one 
positive charge. Hydrogen atoms with a negative charge are 
found, which diows that the hydrogen nudeus can hold two 
dectrons in certain circumstances. The hydrogen molecule 
has been detected with one positive charge, but never with two 
charges, which may be tahen to indicate that at least one 
extranudear dectron is needed to hold the two hydrogen nudei 
together. The molecule likewise can have one positive 
charge, but apparently never two. 

While negativdy charged atoms of many dements are easily 
detected, negativdy charged atoms of the inert gases have never 
been found, which indicates that the nudei of these gases have 
normally as many dectrons as they can hold. This confirms 
the views that will be expressed later. In general negative 
charges are only found with dements or compounds having 
marked dectronegative properties. 

With many dements atoms with multiple positive charges 
are found. Carbon and oxygen atoms with two positive charges 
may be dted, but atoms of krypton and other dements which 
have lost three dectrons have been detected, and mercury 
atoms can have any charge from one to eight. 

The most important results of the mass ray method have, 
however, been the detection and ordering of a large number 
of isotopes, which has shown incidentally that certain definite 
masses only are possible for atoms, and that a continuous range 
of masses never occurs. Aston, using an anode consisting of 
an dectrically heated platinum strip coated with a metallic 
salt — the hot anode method of Gehrcke and Reichenheim — ^has 
employed the parabola method for prehmmary investigation 
of the isotopes of the alkali metals. G. P. Thomson, producmg 
anode rays from a cold metalhc salt by the other method of 
Gehrcke and Rdchenheim, has utilised the parabola method 
to demonstrate the existence of isotopes of light metals, such 
as lithium and beryllium, for which a diffCTence of one unit in 
atomic mass represaits a large percentage difference. The 
recent great advances in our knowledge of isotopes which have 
been made by the method of mass rays are, however, essentially 
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bound up with certain improved experinuuital nietluxls. 'Oiese 
must now he iiulii'ated in outlim^. 

I Foeossing Methods. ) The most important object of the 
method of mass rays is to <U‘ti*rmin(5 the masses of atoms and 
mok'ctiles. h'or tins i)urposi‘ tin; paral)ola method has certain 
disadvantages, of whu'h one of the most serious is that the Iwam 
proc(ieding from tin* iine hole in the cathode spreads somewhat, 
producing, in efiect, an umbra and pemmd)ra, as would a beam 
of light from an extended s(«irc«* sent through the sjunti hole. 
'I'he residt is that th(! lines ]>roduced can m‘ver be shai p. Again, 
th<' total munlxT of paiticles of the sami! c/w aie distributed 
over a long line ; shorter (‘xposures wouhl be possiblt* in a 
method which brought the lays to a mote lesliuded spot, whose 
position should givi* the information ie(|uire«l. 

Two methods of fiKnissing lays of tixi'd c/»i, so that all particles 
of a beam, initially slightly diveigeiit, ate tollected to one spot, 
have been devised. That of IJenqistcr m.ikt'S list; of rays of 
homogtineous velocity, which am obtained by pioducing charged 
atoms of negligible velocity,* and acceU'iatmg them m a known 
electrostatic field. The. particles to which a known kinetic 
energy has thus been given arc then analy.si'd m a magnetic 
field. To focus .sharply on the dete<-ting device particles which 
have followed diffeient paths use is made of (h<‘ fact that, if a 
slightly divergent beam of similar pai tail's of honiogi'iieoiis 
vdocity from a small source be allowed to jiass in a iimlonu 
magnetic field, then the paiticles of dilleieut initial diu'ctions 
are reunited alter di'scriliing ai)])io.\miately .scmicndes tins 
method of foaissing has been ciii])loyed m obtaining /? uiy 
spectra, and used by Jillis in the I'xiH'iunents (le.scribed in 
Chapter Ill.j The radius of curvature r of the jiatli in a 
magnetic field of strength II being accurately obtained, «/>« can 
be determined. For if P be the accelerating potential, the 
energy with whicli the particles enter the magnetic field is 
given by ^mv^^eP. 


* Such atoms without initial velocity can be oiiginaiccl, for instance^ by 
heating salts on a strip of platinum. 

t It was, I heheve, first utilised by Rutherford and IL Kobinson. (The 
Analysis of ^-Raysfrom Radium B and Radium C, Phil* Mag*, 26, 717, X 9 X 3 O 
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while in the magnetic field 

mv=eHr. 


Hence 


2P 


The latest form of Dempster’s apparatus is shown in Fig. 21. 
The charged particles come from a hollow anode, in which the 



Fig 21 

Dempster’s apparatus for positive rays 


given salt is electrically heated, and, further, bombarded with 
electrons from a coated platinum cathode F, which can be seen 
just in front of the anode. The mam acceleratmg field acts 
between P and Sj. 5 i is the slit through which the charged 
particles issue into the uniform magnetic field, which bends 
their paths through the diaphragm D to the sht Sj, in the plane 
of which particles of given e/m are focussed. Particles passing 
through Si are detected by a plate connected to an electrometer. 

A.S H 
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The whole apparattts is, of course, highly exhausted, jmd placed 
between the poles of a magnet, which produces the iiniform 
field. Tliis field is maintaiiunl constant, while the accelera ting 
potential is vari<‘d. The potential difference, nuignctic field, 
and fixed radhis of curvature corre.sponding to the maximum 
reading on the electrometer giv(i, by the above forimila, the 
value of ejm for the positive partick's. With this apparatus 
Dempster has analys<>d magnesium, lithium, calcium and zinc 
into their isotopes. 



Fl(i 22. 

UisiKianinititu of Aston’s method of fix ussinR iMisiti\ (> i.iys 


The method used by Aston with such success emi)loys the rays 
of mixed velocitit's o])tained with a dischargt* tub(‘, as in the 
parabola method. An ekiclric and a magnetic field arc used, 
through which the rtiys pass successively, Init Hut fields arc 
normal to one another, so that the deflections are in the same 
plane. The electric field bends the rays in one direction, and 
at the same time di.spcrscs the rays of different energies : the 
magnetic field, whose direction is such as to bend the rays in 
the opposite direction, bongs the <lisj)ersed rays together again 
at one point. In 1%. '22 and are two parallel straight slits 
used to form a beam of rays : P, and Pj arc the plates producing 
the electric field, which bends the rays as shown. 'Hie circle 
of centre 0 represents the poles of the magnet who.so field bends 
the rays back, and brings them to a focus at F. The paths 
diown are, then, followed by rays all of which have one value 
of ejm. Simple geometrical considerations * show that if the 

* See Aston, Isotopes, Chapter V. 
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plane photographic plate, GF, he arranged so as to make the 
same angle 6 with the ordinal direction of the beam as does 
the electrically deflected beam ZO, but on the opposite side, as 
shown in the figure, then all rays of the same efm come to one 
point on the plate, but rays of different ejm are focussed at 
different points. The hnear dispersion, or separation of rays 
of different ejm, is very large. 

The actual apparatus is represented diagrammatically in 
Fig. 23. S is a bulb some 20 cms in diameter, in which the 



Aston’s mass spectrograph arranged for use with canal rays. 


discharge is produced in a gas containing the element or 
elements to be mvestigated, the gas bemg slowly admitted 
through a side tube (not shown) between Sj and Sg, and 
removed through a similar side tube opposite it (also not 
shown). The rate at which the gas leaks in is adjusted so 
that the right pressure is maintained when the vacuum pump 
is run continuously. A is the anode, C the cathode, D a silica 
bulb which protects the wall of the bulb from the cathode rays, 
which would otherwise melt a hole opposite the cathode. Si 
and Sa are the slits through which the charged atoms are shot, 
and Px and are the plates between which the electric field is 
mamtained, as m Fig 22 The circle, centre 0, represents the 
pole pieces of a large electric magnet which produce the magnetic 
deflection GF is the photographic plate, held in a special 
carrier Z. Y is a phosphorescent (wiUemite) screen for visual 
observation, which is seen through the wmdow P. T is a small 
lamp by means of which a fiducial mark can be put on the 
plate. is a charcoal tube which can be immersed in liquid 
air for help at certam stages of the exhaustion. 
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The plate shows, in accordance with what has been said, 
a series of sliort lines, which are images of the slit, each line 
corresponding to a fixed value of efm, but representing all 
velocities. Such a scries of lines may therefore be called a 
mass spectnim, and Aston has in fact called his inslniment the 
mass-spectrograph. Some tyjiical mass spiKdra obtained by 
Aston with his apparatus arc shown in Fig. 3, Plate IV., with 
the masses corre-sponding to the linos marked at the side of 
the record. Spectra II,, III. and IV. were all obtained with 
phosgene, COCl*, which was the compound .selccte<l for the 
investigation of chlorine • spectrum I., inserted for conijiarLson, 
was obtained with a tube free from chlorine. It will bci seen 
that the introduction of the chlorine compound gives rise to 
lines corresponding to nias.scs 35, 36, 37 and 38, of which 35 and 
37 belong to isotopes of chlorine, 36 and 38 to tlu* hydrocidoric 
acids formed from the two isotopes. Spectra II., III. and IV. 
exhibit different dispersions because tlu'y were* obt aim'd with 
fields of different strength. 

Methods of obtaining Mass Bays of Given Elements. The 

apparatus of lug. 23 is suitable for investigating the isotopes 
of imy ek'ment of which volatile or ga.se<)us coinjKninds can 
be obtained. There is no need foi the clement to be in an 
uncombined state, since a large pait of tlie molecules is split 
up into the component atoms in the di.scbargc, so that lioth 
the atoms and different compounds are represented in the' mass 
spectia As examples it may be mentioncil that while byilrogcn 
and nitrogen were intro<luce<l into the tube as uncombined 
gases, chlorine, bromine, and flnorine, on aci'ount of their 
chemical activity, were investigated by using phosgene, methyl 
bromide, and boron triflnoride rc.spcctively ; pliosphoms and 
arsenic were obtained from phosphine and arsine ; while for 
iron the carbonyl was used. Often the gas containing the 
element under investigation was mixed with some other gases 
giving convenient reference lines. 

With certain elements no convenient volatile compounds can 
be obtained, and other methods have to be adopted. Reference 
has already been made to G. P. Tliomson’s work on the anode 
rays of lithium and beryllium, in which the element is introduced 
as a solid metallic salt in an anode paste. Aston attempted 
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to obtain metallic ions by maintaining a metallic arc in the 
discharge bulb by means of a special device, but this method 
was not successful. He has, however, been able to extend his 
measurements to a large number of metals not accessible as 
volatile compounds by the use of accelerated anode rays. The 
apparatus with whidh these new measurements have been 
carried out is shown in Fig. 24, which represents the arrange- 
ment for generating the rays, the mass spectrograph itself. 



Fig. 24. 

Aston's apparatus for producing anode ra3rs for mass analysis. 


mto which they pass, being the same as in Fig. 23. The bulb 
is quite small, as can be seen from the scale in the drawmg 
The anode consists of a small steel cyhnder into which is pressed 
a paste made of powdered graphite and metallic salt. It is 
carried in a long glass tube, as shown, so that it can be easily 
removed by melting the wax seal shown in detail at B. A 
subsidiary cathode is used to concentrate the cathode rays on 
the anode, and so produce a good supply of charged atoms. 
The instabihty of the discharge, due to the fact that any 
increase of current through the tube raises the temperature of 
the anode, which then releases more gas and so leads to a 
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further increase in cnrrt'nt, was avoided by an inf(euious xise 
of a kenotron. This empty device (mim, emi>ly) is, in essence, 
an evacuated bulb oontiiining a thin wire, which can be main- 
tained at a high temiierature by a subsidiary cinniit, and a 
plate opposite to it, or, in other words, it is an electronic valve 
witliout the usual grid. As induuitcd in tlu' duigram the hot 
filament is earthed and connected to tlu‘ cathodt' of the nuuss 
spcctrograi>h, while the plate is cfinnected to the subsidiary 
cathode, 'fhe current wliich the kenotron will carry hsus a 
fixed limit determined by the temjxirature of the lilannmt only, 
so that the kenotron controls the iiotential difference between 
the two cathodes, of which ("i is connected to the negative, 
earthed, pole of the imluction coil, while f’s is connected 
through the kenotion only. If now, owing to relcsisc of 
gas, the tube becomes .softer, the potential difh'rence between 
anode and C't automatically diminishes, the anode cools, 
and the tube hardens again. In a similar way, if the tube 
hardens unduly the kenotron automatically U'.ids to 
softening. 

By this method of acccleiated anode lays Aston has investi- 
gated a large number of metallic elements foi whu'h the gas 
bulb method had not yielded re.sults. Of tlu' in st sixty eh'inents 
only six at the present time have not been satisfac.toiily tc'stcd 
for isotopes. Of all the non-metalli(' elnnents, leaving tlic 
radioactive elements out of the question, not one has failed to 
give a mass spectrum. 

Recent Besrdts of Hass Anal^ds. With his improved methods 
of experiment Aston claims to be able to measure atomic masses 
with an accuracy of i in looo, which is an astonisliing feat when 
it is considered that, in the discharge tube expeiiments the 
total mass of gas present in the bulb is less than iV milligram, 
and that only an exceedingly minute fraction of this is actually 
used — ^that is, projected on to the plate — ^to determine the 
atomic mass of several elements. 

Undoubtedly the most important results of the experiments 
is the establishment of the " whole number rule,” i.e, that all 
atomic masses, except that of hydrogen, are whole numbers, 
taking oxygen as i6. This abolishes what was the fundamental 
objection to Front’s hypothesis, and allows us to assume that 
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besides the electron, there is only one other fundamental body, 
the proton, concerned in the structure of the atom.* 

The chidE dements whose atomic weights, as ordinarily deter- 
mined, depart markedly from whole numbers, have been diown 
to contain various isotopes of whole number atomic weights. 
The atomic weight of the chemical tables is, in the case of 
fractional values, an average of weights of isotopes present in 
different proportions. The table on the following page contains 
Aston’s results, supplemented m a few cases by those of Demp- 
ster. It will be seen that the chlorine, for mstance, whose 
chemical atomic weight is 35*46, is really a mixture of two 
chlorines of the same chemical properties (same atomic numbers) , 
but masses 35 and 37. For krypton six isotopes have been 
definitdy established, and so on. 

Separation dt Isotopes. Various methods of separating isotopes 
by making use of their different masses have been suggested, and, 
in many cases, tried, such as separation by mass diffusion, by 
thermal diffusion, by pressure diffusion produced by centri- 
fuging,, evaporation at low pressure, and so on. The methods 
are all very slow and laborious, but a partial separation of 
the two neons has been effected by diffusion, and of the two 
chlorines, as HCl, by the same method. As an indication of 
the scale of the experiments it may be stated that with the 
latter gas Harkms, starting with about 20,000 htres, effected a 
separation into two gases whose densities indicated a change of 
•055 unit in atoimc weight. 

* Recently it has been found by Aston that there are one or two other 
elements for which the masses of all, or of certain, isotopes depart from whole 
numbers by a small amount which cannot be explained away as experimental 
error Thus all the isotopes of tin appear to differ by 2 or 3 parts m 1000 from 
whole numbers, while rubidium has an isotope of mass 87 8, and banum one 
of mass 137*8 At present too little is known on the subject of these deviations 
to warrant the hazarding of speculations on the subject here In the case of 
the isotopes m question, and of hydrogen, it is the nearest whole number to 
t he experimentally determined mass which has a fundamental meaning, for 
it certainly represents the number of protons in the nucleus. This number, 
which for all other isotopes is exactly given by the determined mass, is called 
the number, and is tabulated for the various elements in the last column 
in the table on p, 120, By this convention the appearance of fractional 
numbers diffenng shghtly from whole numbers is avoided even in the case 
of the few anom^ous elements mentioned. 

According to his latest paper (June, 1925), Aston is about to embark on a 
special investigation of the divergencies from the whole number rule. 



TAHIJC OK KLKMKNTS AND ISOTOPKS, 


Kleiucat. 


n 

Jlo 

Li 

Be 

B 

C 

N 

<) 

I*' 

No 

Na 

Mj? 

A1 

Si 

P 

S 

Cl 

A 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cii 

/-n 

Ga 

('.e 

As 

Sc 


Br 

Kr 

Rb 

Sr 

y 

%r 

Apr 

Ccl 

In 

Sn 


SI) 

Te 

I 

X 


Cs 

Ba 

La 

Ce 

Pr 

Nd 

Er 

Bi 


Ato . ie 
NuiuUcr. 

1 Atomic 
WclKht. 

Mtiilitmii) 
Numb. 1 o( 
iMOtOpOt. 

1 

l*o»>H 

t 

2 

4*00 

1 

3 

0 *t )4 

2 

4 

t )*02 

I 

5 

io‘82 

» 

() 

x 2*00 

I 

7 

14s>i 

1 

8 

lO*tH> 

1 

<J 

I()*oo 

1 

10 

20*20 

2 

1 1 


I 

X '2 

2 p )2 

3 

13 

20 *t)() 

1 

*4 

28*o(> 

3 

15 

3 f 02 

1 

Hi 

32*00 

3 

17 



x8 

3b 88 

2 

10 

3<)*io 

.* 

20 

40*07 

2 

21 

4 S-I 

1 

22 

48*1 

I 

^3 

51 0 

I 


52*0 

x 


51 <>i 

I 

26 

5 V»( 

» 

27 

5 «'<I 7 

1 

28 

5808 

2 

2<) 

b )57 

2 

30 

0V)8 

1 


<K) 72 


3 «i 

72 )8 


33 

7 1 b (3 

I 

31 

7b 2 

(I 

33 

7b*<)2 

2 

3 <> 

82m;2 

<> 

37 


2 

38 

« 7 ''M 


3 <) 

«ao 

i 

40 

1)1.25 

3 

47 

107*88 

2 

48 

X 12 |I 

(> 

40 

1148 

X 

5 b 

118.70 

7 

51 

121-77 

2 

52 

137.5 

3 

53 ! 

I 26'92 I 

I 

5 f 

130*2 

7 

55 

132*81 

1 

56 

ii 

137-37 

138*91 

I 

X 

140*25 

2 

59 

X40*92 

X 

60 

144*27 

3 

68 

167.7 

Several 

80 

200*6 

6 

83 

209*00 

X 


M 4 kw iminU^ntif Iv»to{tr'« iii oulfr 
ol tlt*t*rc*«iMUK Ihtfiistty. 


S 

4 

7 » 

<) 

I It to 
IZ 

44 

lb 

20« 

-i.b Jb 

i* 

0. M. O 

»r/ 

.jo, ^0 

Jb, 4* 

P>. 4 I 

!*> 

‘)i 

5 -i 

*)*> 

50. 5 I 
V) 

*)8, <K) 

<>L b‘, 

(> |, ()(), ()8, 70 

<>«>, 71 

71 . 7-J. /<» 

7 *) 

Ho, >8, /(., 7/. 

7b, Hi 

H \, 8(), 8», 8^, 8f», ;H 
H 5 . H/ 

88, 8t> 

H«> 

<><>, ‘) 4 . b^, (<> 0 ) 

107, lo<» 

X I.], 112, no, II), III, 1 1(> 

II*) 

120, X18, 116, 12.1, 1 It), 117, 122 
(121) 

I 21 . 123 

128, 130, 120 
127 

129, 132, 131, 134, I t28, 130 
(12O), (t2i) 

1. Li 

138. (i 3 <>). (137) 

130 

140. 142 

X4X 

JE4<^. (If5) 

164 to 176 

202, 200, X99, 108, 20X, 204 

209 


(Numbers in brackets are provisional onlv i 



POSITIVE RAYS 121 

Another siiccessfiil separation was carried out with mercury 
by Bronsted and Hevesy, using the method of evaporation at 
very low pressures. If an evaporating liquid consist of atoms 



Bronsted and Hcvcsy’s apparatus for partial separation of isotopes 

of mercury. 

of different masses, then the number of lighter atoms which 
leave the surface in unit time is to the number of heavier atoms 
inversely as the square root of the atomic masses, so that the 
liquid surface acts much as a porous diaphragm in ordinary 
diffusion experiments. Now by placing over the surface of the 
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liquid a cold surface to act as a condenser, an<l by keejung the 
preSvSure between li(iuid and <’ond(‘ns(‘r so low that tlie atoms 
piiss from one to the other without collision in the interspace, 
it am bo ensured that all atoms which leave the surface are 
pennanently s(‘parated from llie original litiuid. 'Hio condi'nse<l 
liquid shoukl be rielj in light atoms, and the evaporating liquid 
itself rich in heavy atoms. The exjuniinenteis, using the 
apparatus shown in h'ig. 25,* <‘va]H)rat('<l merciny at about 
50“ C., condensed it at very low pressure on the suifact! A 
cooled by liquid air, and repeated the fractionation several 
times. At tlie end of each fractionation tlie men’uiy was thus 
.separated into two parts, one .solid on the bottom of -•!, and the 
otiiier liquid at the bottom of the vessel. 'I'he iKjnid was 
removed by lotating the ui>i)ar;itus about the gionnd joint D 
and so running it into the bulb />’. luom tlu* 01 ignml 2700 c.c. 
were produced linal fractions of volume -2 c c , one of den.sity 
1-00023, and the other of diiusity t.iking tin* densilv 

of normal meicury at the .siune temiu-iatuie as i. 'rins, 
of course, does not con.stitnte a coinjdete sei)ai.ition into 
the Isotopes, of winch theie aie ceitainly moie than two, but 
18 a partial sepamtion into a luution containing an e.M-ess 
of heavy nsotojics, and one containing an excess ol lightei 
isotopes. 1 lomg.si'lmudt and Jhi<-kenbach, .sejiaiating by 
this method nieicuiy into a hghtei liactioii oi density 
•999824 and a heavier fiac.tion of deiisitv i oo()i()4, 
find corresponding atomic, weights of 200 5b.j 1 -ooti and 
200'r)32±’007 respectively, while for oidinarv iiieicuiv they 
find 200-6id:'Oo6. Since the heaviest i-solope of meicury is 
of atomic weight 204, it will be .seen tliat the .siqiaiation is very 
incomplete, even aft<T the huge nuinhei of fiai'tionations 
undertaken. 

The mass ray method has given results so consistent and 
uniform that the call for confirmation is scarcely urgent enough 
to justify the immense labour which any attempt at separation 
so far adumbrated demands. 

The significance of the whole number rule and tlie other 
results of mass-ray analysis will be considered in Qiaptcr VIL 

*A modification of the apparatus on a larger scale was used for the early 
separations. 
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It may, however, be pointed out, before leaving the subject, 
that the existence of isotopes explains the existence of chemical 
anomalies when the elements are arranged in order of their 
(average) atomic weights, since isotopes of various elements are 
actually intermingled with one another on an atomic mass 
scale. 
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CHAPTER VI 

CLASSICAL X-RAY CONSIDERATIONS 

Introductory. It is well known that the radiations which 
can be excited by the incidence of X rays on a substance fall 
into two classes : 

(a) A radiation whose penetrating power, or hardness, is the 
same as that of the primary radiation, and therefore indepen- 
dent of the nature of the substance. This is analogous to the 
light scattered by a white matt surface, and is generally termed 
scattered radiation, 

(b) A radiation whose hardness depends only on the nature 
of the atoms comprised in the substance. This can only be 
excited by a radiation harder than itself, and it is sometimes 
called fluorescent radiation, from the analogies which it ex- 
hibits with ordinary fluorescence. It is as characteristic of 
the substance in which it is excited as is an ordinary optical 
spectrum, and it is better called the characteristic radiation, 
especially as, unlike fluorescent radiation from solids or liquids, 
it possesses a line spectrum. 

Both classes of radiation can, of course, be excited by the 
direct incidence of a stream of electrons of suitable velocity. 
The investigation of characteristic X rays has led to results 
which have profoundly influenced modem speculation on atomic 
structure. Bohr's quantum theory of spectra has shown that 
they can be made to yield information as to the arrangement 
and behaviour of the extranuclear electrons, in a way which is 
described in the second part of this book Moseley’s pioneer 
investigations formed the starting-point of the researches into 
X-ray spectra which are considered in this connection, but the 
main conclusions which he drew from his experiments are 
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independent of quantum theory. For this reason, as well as on 
account of Iheir importance for tlw; general theory of the nuclear 
atom, to which the first part of this book is devoted, they will 
be considered here. In historical ord<‘r, his results precede 
much of the work that has already been desciribt'd, and the 
fundamental importance of the atomic number, which he was 
the first to establisli, has already reeisived attention, 'fhe work 
has become so well known tliat an apology may be con.sid<‘red 
by some to be due rather for redirecting attention to tlu* familiar 
than for having postponed it. 

Again, certain results have betm olitained with .scatt(*red 
radiation whicli do not involve the <piaulum theory, but are 
dependent on ehussical considenitious only. Harkla’s i‘.\peri- 
ments gave an mirly indication of the number of <‘le(irons m an 
atom, and, although they are now ehielly ot historic mt(‘rest, 
deserve more tlian a jias-sing nden'iiei' for tlu* originality an<l 
suggestiveness of the method. Recently W. 1.. lhagg* has 
carried out experiments whieh it is hard to classify lie taki's 
a beam of homogeneous (and so ('haracteristie) radiation, and 
investigates the intensity of the n>fh‘t:tion fiom various faces 
of a crystal The rellectisl beam is, of couise, of tlu* same 
quality as the primary beam, but ciiu .scao'cly be termed 
"scattered," as it is regularly reileett'd Tlu* foiiiiulae used 
arc based upon the amount of radiation seatteu'd by a fii'c 
electron, which is calculated by elassieal eh*cl i odyiiaimc method 
'fliis is the calculation uiiou which Harkla’s deiluetions aie 
based , it has been elaborated by Daiwm, A. H. ('onipton, and 
Bragg to cover the case of the n'giilar arrang<*menl of {‘h'ctious 
which occurs in a cry.stal. 

Tlic conclusions to whicli this chapter is devoted are, then, 
all independent of Bohr’s assumption, and are th<*refore taken 
together. 

Moseley’s X-iay Work. The Atomic Humber. MosiiU'y’s 
work first revealed tlic importance of the atomic number, jus 
distinct from the atomic weight, and formed the biusis for the 
later work of Sommerfdd, Kossd and others, which interprets 
the structure of tlic X-ray spcctnim in terms Mf the electron 
orbits of Bohr’s hypothesis. He excited the characteristic 
• In collaboration with R. W. James and C. H. Bosanquot, 
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radiation in a series of dements, ranging in atomic number from 
aluminimn to gold, by bombarding a target containing the atoms 
in question with cathode rays, and took advantage of the then 
recently discovered method of crystal reflexion to measure the 
wave-length of the X rays so produced.* Barkla had already 
diown, by absorption measurements, that each dement gave 
characteristic radiations of two very different penetrating 
powers, and had called the harder radiations of the various 
dements the K series, the softer the L series. Mosdey photo- 
graphed the lines corresponding to both K and L series, and 
expressed more exactly, substituting a wave-length or frequency 
for the hardness as measured by absorption, the general results 
of Barkla. He speedily confirmed Barkla’s discovery that the 
characteristic radiation is an atomic, and not a molecular, pro- 
perty, a fact which is fundamental to the great power of the 
X ray method. 

His great discovery, however, was that expressed by him ia 
the form that a certain quantity Q " increases by a constant 
amount as we pass from one dement to the next, using the 
chemical order of the dements in the periodic series.” Here 


, where v is the frequency of a given line, which can be 

identified in the X-ray spectrum of each dement considered, 
and j/q ^ frequency of fundamental importance in ordinary 
line spectra If by we understand, as is usual in spectro- 


scopy, not the tiuc frequency , but the reciprocal wave- 

A 

I / 1/ 

length , then Q — y«-n> where R is Rydberg's constant. t 

A j/C 


From the linear relation found when is plotted against the 


atomic number Z, but not against tiie atomic weight A (see 
Fig 26), Mosdey concluded that ” we have here a proof that 
there is in the atom a fundamental quantity, which increases by 


• See W. H and W L Bragg, X Rays and Crystal Structurs. G. Bell 
8c Sons 

•f Consult, if necessary, the Digression on Optical Spectra, Chapter VIII. 
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regular steps as we i)a8.s from <>iu‘ dement to the next. This 
quantity can only be lh<! charge <in the <H*iitral positive nucleus." 
This hypothesis, fundamental foi tlie mo<leru theory of the atom, 



»fi 7a nt» f.**# 


A ^ 



I*XG. 2i), 

V^^l)lotie(l against aloinit. weight (abov<‘) tiiul against iitoinh nujiiher 
(below), showing the Imeautv to exist in tlie latltT east* only. 


IS given in Moseley’s own words, because it is not always recog- 
nised how clearly he saw the unpli('.ati()n of liLs lesnlts. It was 
enunciated as a result of the measurement of the a and (i lines 
of the K series for twelve elements : all sidwctincnl work lias 
gone to strengthen it, Moseley himself extended his measure- 
ments to many other elements, and confirmed his hiw for them. 
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The proportionality of ^/v to the atomic number is generally 
known as Moseley’s law. The formula can be written 

V 

the value found for z by Moseley being i, so that 

(X) 

Moseley identified in the K series the two lines which he railed 
a and /S : o is the stronger, and the above formula represents 
the frequency of the Ka line. In the L series he identified five 
lines, and for the La line found the formula 

(a) 

Graphs exhibiting plotted against Z are diown in Fig. 68, 

Chapter XIII. The linear relation is not exact, the departure 
from linearity havmg been explained by Sommerfdd on 
relativistic grounds. This, and the meanmg of the constant 
m formulae (i) and ( 2 ), are matters dealt with in the second 
part of the book. 

The atomic number ts more fundamental for the chemical pro- 
perties and the electrodynamic properties of the atom than the 
atomic weight. It is equal to the net positive charge on the nucleus 
The establishment of these fundamental points is Moseley’s 
great achievement. 

Baikla’s Estimate of the Number of Electrons. When X rays 
fall upon light atoms {i e. atoms whose weight does not exceed 
that of sulphur) then (a) the scattered radiation is of the same 
hardness as the incident radiation,* and (6) the intensity of the 
scattered radiation is roughly proportional to the mass of 
the scattering atom if equal numbers of atoms take part in the 
scattering in all cases. For example, in the case of gases the in- 
tensity of the scattered radiation is proportional to the density, 
and does not depend on the nature of the gas We can there- 
fore assume that the scattering is effected by the extranudear 
electrons of the atom, vibrating freely under the influence of the 

* But sec the discussion of the Compton effect, Chapter XVIII 


ASA. 


I 
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periodic (ilcdric forces in the waves front of flus primary besara.* 
'Ibis assumption will ae'counl for (a) ; wo can t'xplain (6) by 
supposing tliat thes munher of eU‘(*trons in an atom is a constant 
multiples of the atomic weight. It nmy hes menitiesiu'd that this 
mechanism of se'atte*ring gives re-sults agr<*e‘ing we*ll with the 
observe'd fae'.tsesf peslarisation of X rays.f 
Thes e'lKTgy raeliate'el by an electron, esf varying ve'loesity v, 
in a time dt, thioagh unit area at a elistane'e* r from the* edenstron 
is given by the fesrmula, ehie to Abnilmm, 

I <*®v» sm*v> 

47r rV (i /# e-()S </•)* * 

where tp is the angle bedwe'en the raelius ve'estor r and the direc- 
tion of mestion of the e'lee'tron, whiles fi | , c being thes velocity 

of light. If we cemsidei only eleestremies ve*loeitie*s small ceim- 
pared to c, so that we e'an lu’glee'.t // in e'omparison with i, and 
them integrate oveT a sphesre*, we get foi the teital ene-igy i adiatcd 
by the electron in unit time 


Let there be V electrons in each atom, and ('onsidt'i a unit cube 
of the radiator, coutammg n atoms of substaiici* of atomic 
weight M. Then W(‘ have nY eh'ctions vihi.iting freely under 
the inlluence of the (‘lectriis fon'e F of the ])iimaiy heain. Then 
Fo 

w=- , and the whole seatlensl energy 

m 


A. 


a <!' 




2,.!> 


FhiY. 


*11 IS ica.sonablti to sujipost* the ('Intnins (t> hfhavt* as ficc fta' ptMiodic 
ioiccs of X lay ficqunuy, aUhougli foitrs have it) lx? consitUTod 

when (U*aliiif? with optical frequencies 

] In the simple loim hei(‘ repiesentetl it implies, of course, that the 
intensity dihtnbution of the scaltert'd rays in dii (actions makiuK vaiious 
angles with the diieclioii of the pixniaiy beam will be syiuiiKst no*!] about a 
plane at right angles to this direction, 'riiis distiibiition W4»8 actually found 
m the cxpoiiments of Baikla with which wo aie dealing at the moment, but 
m general it is not observed. This lack of syinintdry, which need not trouble 
uh heic, has been explained by l>ebyo from <.oasidt‘ration of the mutual 
inteifeience between the radiation scattcied from difleroiit eltxdrous. This 
receives reference in connection with W. L. Bragg's work, described on p. X 32 
et seq., and elsewhere later in the book. 
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The energy Ep of the primary beam falling on unit area of the 

radiator is — F^, and hence 
47c 


E, 8n e* 


nY. 


Jip 3 

e being measured throughout in electrostatic umts. 
scattering coefficient s is defined by the equation 

E^=sEp Ax, 


The 


where Ax is the thickness of the radiator traversed, which has 
been taken here as unity. Hence 


Sji fi* 
3 


nY 


s_8n g* y 
p~ 3 Mmg’ 


where p is the density of the scattering material, and is the 
mass of an atom of hydrogen The numerical values of all the 

terms of the factor are known. Putting m these 

3 fn^c*mB 


values we have 


s 

-=-40x 

P 


Y 

M 


Barkla measured - for various substances, by companng electro- 
P 

scopically the intensity of the beam scattered through various 
angles with the intensity of the primary beam, which consisted 
of fairly soft rays * For light substances (air, carbon, alu- 
minium), where there is no appreciable characteristic radiation, 

he found * = - 2 ^— in each case, which gives ,.=-5, or the 
p gm M 

number of extranuclcar electrons m an atom is about half the 

atomic weight. This is in agreement with recent theory, since 

for the elements in question the atomic number is half the 

atomic weight, withm two per cent m the case of aluminium. 


to X 


with aluminium for the haidest rays used bang 2'5, which corresponds 
56 X io~* cm 
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'Hks expt'riinonts un* of great inttTi*sl as bringing a fnssli class of 
(svidoncc to bear on llu! snbjuct, and their (U*s<Ti|)t ion forms a suit- 
able ])reliininary t o t he ('onsiderat ion of W. I .. Hragg's ri'ct'nt work. 



I ''!<#. j;. 

Intensity of X rays n'llfuinl jit Viiiious any, Its fnitn a <'ty.st<tl of 
IOC k salt. 

EJectconic Distribution without Quantum Theory. W(5 now 
turn to the experiments of W. L. Bragg and his collahonitors, 
which, without appeal to quantum theory, have yielded certain 
rough estimates of the distribiition of the cxtranuclear electrons. 
T^e experiments in question consist in meivsuring the compara- 
tive intensity of a beam of homogeneous X rays after reflexion 
at various angles from a given cubic crystal of a two-element 
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compound. For one face of the crystal and one order of reflexion 
it is wdl known that there is only one angle of reflexion for 
X rays of given wave-length, namely, that given by the formula 
A=2isin6. If, however, various crystal faces be used (pre- 
viously prepared by grinding a surface parallel to the planes iu 
question, to avoid adding to the already great difficulties pre- 
sented by the absorption question) and, in addition, various 
orders of reflexion, then a large number of angles can be 
obtained for the one crystal, and the intensity of the reflected 
beam for each measured. It is found that when intensity is 
plotted agamst angle a smooth curve of simple form is obtained. 
In Fig. 27 the square root of the intensity is plotted against 
cosec 0, where 20 is the angle through which the incident 
beam is turned. 

We wiU now consider interelectronic interference. As was 
mentioned m a footnote on p. 130, Debye, from considerations 
of the lack of symmetry of the distribution of the scattered 
X radiation, was led to the conclusion that with short wave- 
lengths there is interference between the radiations set up 
by the various electrons of the atom vibratmg under the 
influence of the electric vector of the excitmg X rays. 
Obviously, if the wave-length is comparable with the distances 
between these electrons there will be, in consequence of the 
regulanty of the electron groupiog, certain definite phase differ- 
ences between the vibrations onginated by one atom, m spite 
of the fact that the atoms themselves may be irregularly oriented 
m amorphous substances. Debye deduced the formula 


where V is the fraction of the incident energy observed as 
scattered energy at a large distance i? from the radiator, 0 is 
the angle between the incident ray and R, N is the number 
of atoms radiating, and 

frequency of the plane polarised incident wave 
~ hght velocity 

S,„„= distance of the »th from the wth electron, which, 
of course, depends on the distribution assumed. 


y_Ne^ I I-^cos®0.y^ 

R* 2 V 


sin [2A'S„,„ sin ^0] 
' [2AS„„sini0] 
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Applying this fonmilu to a ring Uistrihntioii of oh'oljous l)t;bye 
was able to account for tlu‘ i)l)si‘rvf(l fact of usyuinu'try of 
scattered radiation for hartl exciting rays, an<l for tin* fact that 
for long waves the sciitten’d intensity is proportional to the 
square of the, atomic, weight, for short waves to the atomic 
weight it.self. The. asymnustry begins to make its appciarance 
when the wave-length is only slightly short<‘r than tin* diameter 
of the ring, For our jm'sent <lis('ussion tlu'se experinMuds on 
scattering arts chietly imjsortant as supporting the assumption 
of inttirtslectronic interfereiu e. It may, howt‘ver, bt' adtled that 
owing to the difiic.ulty of obtaining an “ amtu’phons ” powder 
that did not exhibit a jnierocrystalliiU! stnictme Debye could 
not confirm all In.s results tiuanliiativelv on stdids, but it is of 
int('re.st to note that, assuming for the benzene ling an inter- 
ference last ween tin* seatteied ladiatioii from the regularly 
grouped atoms analogous to tins iiiterfeieuee between the 
electrons considcnsl abovt', he, was ablt* to oblam an estimate 
of the diameter of the beuzisus ring, vi/ lo “ ems 

For a crystalline siibstanei* Debyts’s formula doss not apply, 
since it assumes a random distnlsulum of atoms In its place 
Hragg uses a foinmla deuved by Daiwin fiom ajiplication of 
Fresnel’s classical tlieoiy of dilliac.tion to atoms ananged in 
parallel planes, special allowanci‘ being mu<h‘ toi 

(1) the goneial absorption ; 

(2) the special absorption which takes place when the rays 
absorbed aie incident at the relleetnig angle, due to multiple 
rolliixion within the crystal ; 

(3) the heat motion of the atoms, t*xpr<'ss<‘d by the so-called 
Debye factor a ; 

(4) crystal imperfections. 

In addition tlxe essential factor F is introdunsl to e.x[)ro.ss the 
fact that tlie scattering is not effected by a coutiniions sub- 
stance, but by discrete electrons, which, for short wave-lengths, 
set up definite phase differences in the waves whicli they scatter. 
It gives the ratio of tlic amplitude of tlic wave scattered by 
the whole atom to the amjilitudc of tlie wave scattered by a 
single electron ; at zero glancing angle it equals tlic total 
nunaber of electrons. It is this factor F which is the object of 
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W. L. Bragg’s researches. It may be pointed out that the 
nucleus is assumed to play no part in the scattering, on account, 
presumably, of its large mass, but it is not dear that, even if it 
be immovable as a whole, the dectrons which it contains may 
not play some part in diffracting inddent waves. 

This brief account may suffice to indicate that the formula is 
dependent on many assumptions, and cannot claim a high 
degree of certainty. If the rotation method is employed to 
get over the effects of crystalline imperfections,* and the crystal 
have an angular vdodty of <u radians per second, and E be the 
energy reflected from the given face, I the total energy of the 
inddent beam passing into the ionisation chamber f in i second, 
then Eoi_ W g* 

I 2 ' 

fj. being the linear coefficient of absorption and N the number 
of molecules in unit volume of the crystal. From this formula, 
and experimental determinations of Etoll for various values of 
0 , W. L. Bragg and his collaborators calculate F, which is a 
function of sm 0. 

A crystal of rock salt is used. The values of F for the two 
different kinds of atoms, sodium and chlorme, are deduced from 
the following considerations When jEwjl is plotted against 
cosec 0 the values he on two curves, one corresponding to re- 
flexions from planes whose indices are all odd — (in), (311), 
(331). dc. — and the other to the remaining planes The first 
set of planes contain alternately sodium atoms only and chlorine 
atoms only, the reflexions from the chlorine atoms being 180“ 
out of phase with the reflexions from the sodium atoms With 
the other set of planes the reflexions from the sodium atoms 
reinforce the reflexions from the chlorme atoms Hence we have 
the effect which can be symbohsed as Na-Cl, and the effect 
Na+Cl. From these the effectiveness of the two kinds of atoms 
can be separated (cf. Fig. 27) 

Having obtained expenmentally F as a function of sin 0 for 
sodium and chlorine separately, Bragg assumes various dis- 
tributions of electrons, and calculates the corresponding values 


* Consult, if necessary, W. H. and W. L Bragg, X Rays and Crystal Structure 
t The reflected and incident energies are measured by theiomsation method. 
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of F. 'I'he assiuui>tioii of cU'c, Irons imiformly tlistributod 
tliroxighonl a sphori! gives curves whix'li do not even 
approximately i-x'seiuble, Ihosxs derived from experiment. An 
assumption of electrons ummged in .shells three shells of 2, 8, 
and 8 electrons respectively for the ionis<‘d ehloiine atom, and 
two slnills, of 2 ami 8 <*h>clrons respeetivt'ly, for tlu‘ ionised 
sodium atom- in aceordanets with an atom nuKlel of Lowis- 
Ljuigmuir tyjnx is x'tpially unsuccessful. («ood agrexum'ut has, 
however, been obtaim'd on tin* following basis : 

SoiUutu. 

7 electrons on a shell of radius -M) x lo " cm. 

3 >> >> >> ‘ 7 ^^ 

Qildiiiu*. 

lo electrons on a .slu*ll of radius *25 •< 10 * cm. 

5 *» »> >» 

3 »> »> >• l*4b 

Tins does not aexord veiy well with auv ac<'(‘pled vit'w of the 
structure of such atoms. Moic inteiestmg au‘ th(‘ ('alculations 
made on the basis of the tyjK* of anang<“ment of electrons 
proposed by Bohr, winch is desciibed in t'hapter XIV. This 
postulates for ionised .sodium 2 elections descubing one- 
quantum (circular) orbits, 4 electrons desciibing two-iiuautum 
circular orbits, and the usuaiiung 4 desctilung two (|uantuai 
clhpsc-like orbits. Assuming for sodium . 

as the radius of the i-quantum circle -05 <10 “ < m., 

as the radius ol tin' 2-quaulum ciicle. -j-l 

and as the major semi-axis of the ellipse *42 

an approximate evaluation has been made for the values of F 
at different angles, an amiugement of cire.ulai si'gments being 
used to account roughly for the elliptical orbits. Tlic variut ions 
of F with sind so obtained accord pretty well with experiment 
considering the necessarily rough nature of the calculation. 

The method awaits further development. It .seems lo open 
a promising way for investigating the genend ihstribution of 
the electrons in individual atoms, but in its present form, at any 
rate, it can only 3deld information as to tlic average distance of 
electrons from the nucleus — ^the average volume density of 
dectrons, as it were, throughout the space surroimding the 
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nucleus. It cannot distinguish between a static and a dynamic 
distribution : it averages in time as well as in space. Different 
distributions being assumed, the values of F must be calculated 
for comparison with experimental values, though I understand 
that, with practice, the general type of distribution necessary 
to fit a given curve can be rapicfiy ascertained. In any case 
the method offers, of course, a distinctly original procedure for 
checking any theoretical distribution reached by other means. 
For example, it speaks, as we have seen, strongly against the 
physical reality of the type of distribution assumed by 
Langmuir. 

Recently Hartree has calculated the factor F in equation (3) 
from the electronic core orbits, the dimensions of which have 
been approximately worked out for certain types of atoms, as 
descnbed in Chapter XL' He has tabulated results both for 
the original Bohr scheme of electromc distribution, and for the 
modified scheme proposed by Stoner, which is now generally 
accepted (see Chapter XIV ) . in general the results obtained 
are not very different in the two cases The agreement with 
W L. Bragg’s observations is not altogether satisfactory 
Underlying Hartree’s work is the assumption, widely adopted, 
that the electrons in the atom scatter X-rays just as free 
electrons in their instantaneous positions would do on the 
classical tlicory It is by no means established beyond doubt 
tliat tins procedure is justified, at any rate for all the classes 
of orbits, with varying degrees of firmness of binding, piesent 
in the atom 
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CHAPTER VII 

THE STRUCTURE OF THE NUCLEUS 

Some General Considerations. The work described in the 
previous chapters has furnished a great body of evidence for 
the nuclear type of atom. We have seen that the nucleus 
must be very small compared to the size of the atom, its 
linear dimensions being of the order cm. ; heavy, in the 

sense that practically the whole mass of the atom is con- 
centrated in it ; positively charged with a net charge equal to 
the atomic number. We cannot, however, always treat it as 
a small indivisible charged sphere, although for certain classes 
of problems, such as the structure of spectra, the scattering of 
particles when the approach is not too close, and chemical 
combination, such an approximation is sufficient. The general 
nucleus must contain charged helium nuclei *** ; charged 
hydrogen nuclei, or protons ; and electrons Its constitution 
must be governed by laws which permit these to be assembled 
together in a stable manner over a range of varied proportions, 
so that there can be changes of net charge without changes of 
mass, and changes of mass without changes of net^ charge. 
The nucleus must, further, in the case of certain heavy atoms, 
have a mechanism for emitting a and p particles, and the very 
penetrating y radiations which we have discussed as nuclear 
y rays. 

The nucleus itself, then, must obviously have a structure 
which is more rather than less complicated than that of the 
extra-nuclear part of the atom, since it has a greater variety of 

* It has been suggested that the a particle is manufactured by the protons 
in the act of discharge, but, although this cannot be definitely disproved, it 
wiU be seen in the course of this chapter that many facts point to the nucleus 
containing ready-made hehum nuclei of great stability. 
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compouciiU mid I’Vi'u mon* varitMl fun«’ti<>ns t u ptufonn. Within 
Iho inlricatis sinu’.turo of t‘xlrauucU‘Jir elect rtius we have, on a 
very m\ich smaller stsile, a sucoiul stnictnn! oC eU'ctrous and 
protons, whose nmnher is comiKiralde to tlial of the extra- 
miclear electrons. 'Hiere is, it may Iks said, an atom within the 
atom. Further, this .structure of the nucleus seems likely to 
find it.s first satisfactory .stafemeut in terni.s of helium mtdoi, 
treated as .separatis entities, as well as protons and electrons. 
The stnicture of those eomponeuts of the nucleus will have to 
be cleared up before the whole atom can be I'xpoundeil in terms 
of the two fundamentals, protons and electrons. Whether, as 
fresh experimental re.sults are obtained, the miiul will rest con- 
tented with two ultimales instead of one is a matter rather for 
philosophic specidation than physical arj^umeut. At present 
we would be well content if we could make a louj^h woikmg 
model with helium nuclei, protons and eh'ctrous. 

Having indicated the problem, we. must hasten to add that 
not very much has .so far been done towards its solution. 
Certain generalisations are possible, ceitam tentative sugges- 
tions have been made, whieli seem helpful, (hi t he other hand, 
the .subject has olfered a vast tield foi what the (lenn.ins call 
ArUhmelischc Spiclacien, which .seivc latlnT to enteitam the 
players Hum to advance knowledge. On this delicate ixiinl 
it is easy to say too much. 

Inindaniental for all discussion of nucleai sliuctme is Aston’s 
proof that, for all elements so far investigated, the atomic 
weights, given in terms of o.xygeu, can be (‘xpres.si‘d by whole 
numbers, since elements whoso atomic weights, as deteimineil 
chemically, show fractional jiarts, consist of mixtures of isotopes 
of whole number weights. (Cf. the table in ('.hapter V.) The 
only definite cxceplionis hydrogen, whoseatomic weight is i-ooS, 
and this will be discussed later. * F undamuiital, also, is Ruther- 
ford’s proof that certain classes of nuclei, at miy rate, contain 
hydrogen nuclei as a component. Various oilier pieces of 
evidence will be supplied in the course of discussion, but these 
experimental results arc at the basis of all .speculations. 

Stable Assemblages. The whole number rule allows us to 
suppose that all nuclei arc built up of the same. mass elements, 
*Seo, laowever, footnote to p. iig. 
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t.e. protons, assuming, for the moment without discussion, that 
the mass of the proton when combined with other protons is 
slightly less than that of the free proton. If the nucleus con- 
sisted only of protons the charge would equal the atomic mass, 
whence it is clear that the nucleus contains, besides protons, ^ 
dectrons. Further, we know that the heavy nuclei eject a par- 
tides, of mass four and charge two, which must consist of four 
protons combined with two dectrons. We shall see that much 
evidence points to the extreme stability of this group, which we 
diall call the a group, and it will be considered as a separate 
unit. 

Since we can alter the charge of the nudeus without changing 
its mass, by adding or subtracting an dectron, and can alter 
the mass without changing the charge, by adding or subtracting 
a (proton+dectron), we can obviously, on paper, make a 
nudeus of any mass with any charge. Reference to experi- 
mental fact, however, shows that not only does a given charge 
have, even in the most extreme case,* a comparativdy small 
range of possible masses, but also that certain atomic masses 
have never been detected, » e. that all combinations which would 
give a nucleus of that mass are unstable. The table overleaf 
shows the atomic masses from i to 44, a region that has been 
searched for isotopes, with those which are unstable indicated. 

Non-occurrcnce is an indication of very great instabihty. But 
withm the range of atomic masses which do occur there must 
be various degrees of stability, and for this there axe three mam 
Imes of evidence For heavy nudei we have the radioactive 
atoms, whose half-value periods give a measure of stability. 
For light elements we have Rutherford’s experiments, showing 
that some nuclei give up protons when bombarded by a par- > 
tides, while others do not.f In the third place, an indication 
as to rdativc stability has been sought by Harkins in the 

* Such as xenon, which has, associated with chaige 54, isotopes whose 
masses range from 128 to 136 

•f The fact that heavy nuclei are not disrupted by oc particles is not signi- 
ficant of stabihty, since in the case of such nuclei the net positive charge is 
also large, and the oc particle is repelled or deflected before it gets close enough 
to be able to exert a great force on one particular proton When, however, 
as in Rutherford’s expenments, a langc of hght nuclei is taken, in which the 
atomic numbeis of the disruptable and non-disruptable nuclei prove to be 
intermixed, the result must throw hght on the relative stabihty. 
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compaiative abundance in which the diffOTent kinds of atoms 
occur in nature. It is well known that the radioactive dements 
which are stable are rdativdy abundant, and the contention is 
that this rule can be extended to the dements which are not 
radioactive. The widest fidds available for investigations 
of this kind are afforded by the crust of the earth and by 
meteorites, and Harkins has found that these two offer fairly 
concordant evidence for the relative abundance of atomic species. 

It need hardly be emphasized that no great precision is to 
be attached to any figures of relative abundance, since omr 
sources of information are verylimited. Asregards theuniverse 
at large the spectroscope, while it tells us of the dements present 
in the surface of suns, can give us no information as to relative 
abimdance As regards the earth, it has been argued by Wdchert 
and others, notably F. W. Clarke, who has collected a large 
amount of information on the subject under discussion, that it 
consists of 'a core of iron and an outer layer of rock, or litho- 
sphere, as it is called, the two being about equal in volume 
To get the average composition of the lithosphere, Clarke, 
assuming that lower parts of it approximate to an average 
basalt, takes a mean between the composition of the latter 
and that of an average surface rock. The atmosphere, and 
the thin film of water and organic matter, are neglected 
Meteorites can bo divided roughly into two kinds, stone 
meteorites and iron meteorites, the former being supposed to 
be fragments of lithosphere from some planet or planets similar 
to the earth, the latter to be fragments of the iron core in 
any case they arc samples of non-terrestnal matter, and therefore 
valuable. Tlie average compo.sition of stone meteorites approxi- 
mates to that of the lithosphere if the iron meteorites be 
included in the average, the result is to raise the iron and nickel 
percentages at the expense of the other elements. If the 
hypothetical iron core be mcluded in the earth average, the 
effect is similarly to raise the relative importance of iron and 
nickel. Of a large number of possible ways of treating the 
results I have judged best to exhibit in Fig. 28 the atomic 
percentages of the elements (i) m the lithosphere, shown by 
the right hand of the two columns corresponding to a given 
atomic number ; (2) m the average meteorite, shown by the 
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left hand oohunn. An in Mfj. i8 for clcmonts of «svcn atomic 
mimber the oolunnis are wlulc, for eU'nu'nts of oiUl atomic 
number they are black. It must b«‘ un<U'rst(K)<l that alternative 
methods of avenjijing modify the lij'ure, but h'avc Jinchanged 
its essential foiiture.s. J 4 y atomic jicrccntagti is nu'unt the 
relation which the numlx'r of atoms of th<‘ Kivt‘n element Ixsars 
to tlic total number of all kinds of atoms in the mass considered: 
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it is, of coxirse, obtained by sim])ly dividinj^ tin*, number ex- 
pressing the abundance by weight of tlu! element, estimated by 
the geologists, by the atomic weight, it may bo noted inci- 
dentally that over 99-8 per emit, by weight of the earth’s erust 
and of meteorites consists of light elements of atomic, weight 
less than 60, which may be taken to indicate an evolution of 
the heavier nuclei from light nuclei, a que»slion which is toq 
speculative for discussion here. 



THE STRUCTDEE OF THE NUCLEUS 145 

Harkins ha5 pointed out that atoms for which Z is even are 
much more abundant than atoms for which Z is odd, as is 
readily seen from Fig. 28. Further, in 13 out of 14 atoms in 
meteontes, and a proportion only slightly less in the crust, 
the atomic mass P is divisible by 4. This indicates a particular 
stability of groups of 4 protons. It is interesting to compare 
these deductions with the results of Rutherford and Chadwick 
on the artificial disintegration of nuclei. These also point to 
a relative stability of nuclei for which Z is even, for from such 
nuclei either no protons could be ejected, as in the case of 
carbon and oxygen, or else protons were ejected in relatively 
small numbers and of relatively short range, as with the even 
number nuclei from neon to argon. So far no definite results 
have been obtained from the bombardment of elements from 
calcium to iron, but, as pointed out in the footnote on p 141, 
increasing Z will tend to prevent artificial disintegration quite 
apart from aU questions of stability. Originally no protons 
were obtained with atoms for which Z—/\.n, which seemed to 
confirm the special stability of such nuclei in accordance with 
Harkins’ deduction, but the new disintegration results show no 
particular difference between these and intermediate elements 
of even number charge In any case there seems no doubt 
that there is an essential distinction between elements of odd 
and even atomic charge, which is further confirmed by certain 
results of Aston Ills work has shown that elements of odd 
atomic number nevi'r consist of more than two isotopes, and 
that, after atomic number 9, when two isotopes occur for odd 
elements their masses always differ by two Even number 
elements often contain a large number of isotopes, and when 
there are only two their mas.scs sometimes differ by four 
Tlie significance of these differences is not yet clear. 

Tliere arc certain general niles, independent of abundance 
or radioactivity considerations, which deserve attention To 
begin with, it may be pointed out that the atomic number Z 
is never greater than half the atomic mass P, or 

Z^\P. 

Further, the quantity \P-Z tends to increase as P increases. 
It is not a one-valued function of P, since for the same P we may 
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have diffcmit Z (the ease of isolian's), an<l a smooth curve 
caimot be drawn anairatcly through tlu' ]>oiiits \vh<‘n \l* Z is 
plotted against /^ hut the ]K>ints lit' al)out a straight lino 
cutting the axis of V in the m-ighbourhood <»f V .}5, For 
all values of V less than 22 eitluT V i.Z or /’ i 2^. lire 
intcqjrctation of such a gia]>h is that the niimlxT of 
nuclear electrons in excess of tt'nds to in<'jt*ase steadily 
with P. 

If the number of « ])artieles in a nucleus be denoU'd by a, and 
the number of protons and electrons not combined as « particles 
be rcspeclivt'ly p and e, whih* P is tin* atomic mass, we c.m write 

Z 20 I /> c, 

P 40 1 /»» 

p having as possible values r, 2, { only 
This gives that c, the number of the elections outside 
a particles, is n a 

c 271/. /. 

4 

/>_ h 

p being chosen so that ‘ is a whole numbei It is lound 

4 

that when P is even Z is even, and when /' is odd Z is odd, lor 
most atomic species, so that in most cases c is an I'veii luiiiibei. 
Tins indicates that tin* iiucleai eleetroiis tmid to oi cur 111 pans, 
even when not intiiiiately (omhimsl with piotoiih to loini 
a particles, a supposition which is suiijxnted hv the fact that, 
when tJicre arc seveial isotojies of oik* “element,'’ (he one 
that occuis in the hugest iiroiioitions in the .slandaid niixluic 
is, in general, that whirti has an evenniiml><*i of mu leai eh'ctrons. 
This hypothesis of the, existeucc of election jiaii.s is embodied 
in the form of an {ussumidion which is hecoiimig widely 
accepted, and which ls used in the following sections of this 
Chapter, namely, that the nucleus <'ontains as sp<*eial units 
a particles neutralised by the attacbmont of two electrons. 

Of course, if to protons, electrons and a partich's a fourth 
nuclear constituent, the so-called isolielium (1 c. an assemblage 
of mass 3 and positive diargc a) be added, as is done by many 
nucleus builders, general equations can be made up expressing 
P, Z and the number of constituents 2 V of the nucleus in terms 
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of these fotir. Neuburger, for instance, has made play 
with a general formula giving rdations between P and Z 
in terms of a, e and s, the number of isohelium nudei. It 
does not seem to me that this takes us much further. The 
evidence for the existence of isohelium is incondusive — ^Aston 
has found no trace of it. Neuburger contends that, even 
granting that it is not found free, this cannot prevent his assum- 
ing its existence in the nudeus On these lines nucleus- 
building takes on an airy charm denied to ordinary scientific 
speculation. 

In short, very little is definitdy known as to the composition 
of the general nudeus. It seems undoubted that the a partide 
is a particularly stable entity . further evidence of this stability 
is offered at the end of this chapter. Such partides take part 
in the composition of all nudei, and exceedingly stable nuclei 
can be made up of a particles only,* such as the nudeus of 
oxygen. Until Rutherford and Chadwick published (m July 
1924) their newer results on artificial disintegration, all elements 
of mass 4» were recorded to have withstood bombardment 
by swift a particles without detachment of a proton, but the 
results in question place neon, magnesium, sihcon, sulphur 
and oxygen on the list of disniptable nuclei Of these elements 
all but sulphur contain isotopes of atomic mass other than 
4»i, to which the detached proton might be attributed, but 
sulphur, of mass 32, is single, and definitely shows that a 
nudeus of mass 4« may be broken artificially f It may, of 
course, be supposed that the sulphur nucleus contains seven 
a particles, and a looser collection of four protons and two 
electrons, from which the proton is detached, but this is very 
speculative, and it seems best simply to recognise that we are 
no longer justified in saying without qualification that all nuclei 
for which P=4« have a greater stability than other nuclei, 

* Of course it is not certain that all the protons and electrons of the oxygen 
nucleus, for example, are combined in four a particles because P= i6 There 
may be separate particles, composed of two protons and an electron, but the 
fact that nuclei for which P=4w-f2, such as, in particular, nitrogen, are 
much more easily broken than those for which P=4» has been considered to 
speak for the pure a particle structure of the P=4» nuclei 

I Since this was written Aston has shown that sulphur has isotopes of mass 
33 and 34, although the two together amount to. only about 3 per cent of the 
whole 
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although such a slahility is on llu' whole indicated 'Hie 
existence of isotopes for many of the light ehanents concerned 
in the disintegration cxperimenls makes the connection of 
stability and atomic mass more diflicnlt to tnw'.e, Imt there is 
no doubt tliat nuclei for which P • ■4» I 3 have an easily detach- 
able proton. A few of the <leductions which hsive been made 
concerning the numbt'r of nuclejir electrons have b«u*n imlicattid, 
and some investigators have attacht'd signili<'an<'<i to the fact 
that with increasing atomi<: mass, and incn'asing e.xcess of 
electrons, isotopes occur moni fretjunitly and in huger groups. 
We now turn to tlu; iadioa<'tive atoms, for which a tlu'ory has 
been put forwanl by Meitner which is both simpit' and suggestive. 

Meitner’s Model tor Radioactive Nuclei Meitner’s model has 
the merit that it expresses in a direct inaniuT ci'rtain features 
of the sequence of the radioactive charge's, and of tluj hraiiching 
of scries. In other words, it dot's dt'seribe by means of a simple 
hypothesis, not in conflict with other obst'rvations, a collection 
of hitherto unrelated facts, and .so dest'rvt's to be taken more 
seriously than many of the speculations which are mt'rely re- 
statements of isolated facts by means of an ad hoc hypotlie.sis 
for each of them. 

Meitner supposes that a nuclt'iis of atomic nuinlx'r Z, atomic 
mass P=4a+/>, contains \Z oidinary a particles, and {<i-\Z) 
particles neutnihscd by 2(a-^^) eh'ctrons combiiu'd witli them 
in some looser manner than the ('h'ctrons which a(‘tually form 
part of the a particles. Further, it contains p protons neu- 
tralised by p electrons. In other words, the net posit i ve charge, 
which determines Z, is supplied entirely by \Z ordinary a jiar- 
tides, Z is here assumed even ; if Z is odd there is probably 
an extra electron. Tlie a partich's winch are neutrali.scd in 
the way described arc denoted, for couvi'nicnee, as a' jiarticlcs ; 
they are, of course, exactly the same as a particles once they get 
loose from their environment. Tlic heavier the atom, the 
more of these a' partidcs there must be, since for lighter atoms 
Z is not very different from 

For lighter atoms there is no particular evidence in favour of 
such a t3q)e of atom more than in favour of any other type which 
gives a number of a partidcs and a number of neutralised 
protons. But radioactive changes find a good description in terms 
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of such an atom, and Meitner suggests the following mechanism. 
If an a particle is emitted, there follows a series of a changes 
before one of the neutralised (o') groups becomes unstable. 
When sudi a group does eventually break up, we have either 
{a) the a' partide emitted, leaving two electrons in excess, 
winch afterwards leave the nudeus successively in two j8 ray 



Tcible of icidioactivc changes, showing cy and a' transformations 

transformations, or (6) one of the electrons emitted, when 
either a second /? change or an a' change may follow, leaving 
respectivdy an a' or a jS particle to be emitted later. That is, 
in case (6) two dasses of change can take place for the same 
spedes of atom : some of the atoms win give a jS and later an 
a' change, while others will give an a' and later a change. 
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Wc have a branching and renniting of the series such as is 
fonnd experimentally. 

On this theory, then, a /? changi: either follows an u' change 
(in which case a second {i change sncct'cds) or it precedes 
an a' cliauge, this lattex alternative being attended by 
bnincliing. 

A glance at hig. 29 (pro<UuH‘d by applying Meitner’s theory 
to a diagram of Darwin’s) will .show how far the tlu'ory repre- 
sents the facts. There is one weak spot at the hnuiching of 
Uranium II., wha-e wo have tlie sequence, a'fiafi instead of 
as we sliould expect. Apart froju this, the agreement 
is good. Tlrcrc tire never more than two const^cutivt! (! changes, 
wliich are always pniceded by an a, or, ;is we call it, an «' change. 
A single p clxange always ]>reced(‘s a braiudung. 'I'he fact that 
the model makes it easier to rt'ineniber the sequiaice of changes 
sliows that it is of delinite value, and, although it has not yet 
been extended to nuclei other than ladioaclivc* oius, it di'serves 
an honourable place as having achiev(‘d .some success m a 
hmited field. 

Instability Rules. The question as to why certain atomic 
masses are unstable and do not occui has been ad.uked by 
extending to the non-uidioactivo elements < ci tarn i uhs dcdiK'cd 
for the jMopeities of the r.ulioactivts clcmcnls hajans seems 
to have been the lirsl to maki* a systematic attempt along lliese 
hnes, and he has been followed by A S Russell wlio, as a lesult 
of somewhat involved analogies, has h.ul succe.ss in ]uedictmg 
isotopes. 

Wc consider as ,in essential ]>ait of nuclear stiucture the 
a particles neutralised by two ele<-lrons each, <-oml)ined in a 
manner less intimate than the two wiiieli form pait of the 
a particle itself, wliich have been <'alli‘d a' pai tides in di.seussing 
Meitner’s theory, to distinguish them aftci they have lost their 
two electrons from the a 3)arti('les which have never had such 
electrons. Sudi neutralised ^lai tides when (‘.xisting in the 
nudeus wc shall call aftP particlns ; they have mass 4 and idiargc 
o. Tlic other components of tlie nucleus are unncntralised a 
partides, of mass 4 and positive diargc 2 ; protons, of mass i 
and positive charge i ; jmd dectrons, of mass o suul negative 
charge i. Since we can with a and app partides build 
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up a nucleus which will differ in atomic mass by not more than 
3 units, and in net nuclear charge by not more than i unit 
from any given actual nucleus. By adding therefore to the 
a and afiP particles not more than 3 protons and not more 
than I electron, any given nucleus can be imitated as far as mass 
and charge are concerned. The following table shows how 
Fajans divides up nuclei into eight senes,* and the number of 
electrons and protons which must be added to assemblages of 
a and a/ 9 j 3 particles to make up nuclei of the series in question. 


NUt LEAR SERIES 


Senis 

I 

11 

HI 

IV 

V 

VI 

VII 

VIII 

Atomic weight 

4n 

4^ 

4^2 -hi 

4n+ I 


4« + 2 

4» + 3 

4W + 3 

Nuclear chaige 

h-ven 

Odd 

ihven 

Odd 

h-vea 

Odd 

Even 

Odd 

Number of protons - 

0 

0 

I 

I 

2 

2 

3 

3 

Number of electrons- 

0 

i 

I 

0 

0 

I 

I 

0 


The table shows that in all senes but series II. the number 
of loose protons exceeds the number of loose electrons (the 
term “ loose ” being applied to units not forming peart of 
a or a(i(i particles), or, for definiteness, it may be said that the 
loose electron is neutralised in all nuclei but those of senes II 
Now this series consists of three elements only, Th D {P = 2o8, 
Z=8i), Th C {P^2LZ. /r-83), and Ms Th^ {P = 2z8, ^=89), 
which arc all short-lived /i radiators, % e. very unstable 
Generalising from this it may be assumed that all nuclei which 
could be made up to fall mto senes II , or, m other words, 
all nuclei of atomii' mass 4» and odd nuclear charge are unstable. 
Examples of such nuidei arc /.ig, Njg, Na^i, Cl^a, and 
isotopes of the masses indicated by the sullixes have, m fact, 
never been detected Still more striking is the non-occurience 
of a silver isotope of mass 108, or copper isotope of mass 64. 
Turning to the question of isobaics, whicli arc elements having 
tlie same atomic mass, but dilJeient nuclear charges, we note 
that adding an electron to a nucleus produces a new nucleus 
of the same mass, but charge differing by i unit, and such a 
nucleus with an unneutralised electron we hold to be unstable. 

* There are four possible types of atomic weight, since the step of mass 
in adding a or app particles is Jour units, and to each type of atomic weight 
corresponds two senes, one for even and the other for odd, nuclear charge 
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Accordingly, Lsobau's whosi* iUoiuic mimln'is tUricr l)y i uro 
not to be cxpocU'd among tho sta!)K* ('Umicnts, and they do 
not, in fact, o('.(nir, although ten rortain pairs of isobarcs are 
now known, Paiis of isobaros piovisionall\' iudu-ated, but 
not certain, also obey lliis nih*. Tli.it a whole class is thus 
excluded helps to e.Kplaiu the relative scarcity of bsobaies. 

Kusscll also bases his arguments as to the ielati\'e stabilities 
of the isotopes of inactive elements on analogies tlrawn fiom 
the radioactive series, but he starts from four ladioactive series 
the members of which have atomic, wi-ights i 3, 

4« + i, and 4» respectively. The thiul series is a imiely hypo- 
tlictical one whose end ])roducts may 1 h; bismuth {I* 20(j) 
and thallium (i’ •205). The reasoning is not always <‘asy to 
follow. Several inteiesting lesulls aie deiivcd, luany ol wliich 
await coniinnation, but they aie not of a natuie th.it c.in be 
briefly cxpo.sed 

In .short, all speculation on the subject of stability is based 
on the known jnoperties of the iadioacti\(‘ elements Sug- 
gestive regularities have been jiointed out, but the guiding 
facts arc scanty, and no gieat ceilauity as to the uiiili'ilying 
meaning of the niles put fouv.ud lan \et be clauiied 

Nuclear Dynamics. Attention is devotisl to nucle.ii dyna- 
mics ratlier to indicate tin* ta.sks of the futuK* than to deHcnbo 
the triumphs ol the piesent At jueseiit the pioblem olleis 
what is termed by some wiiteis an .ihiio.st vitgin held Ob- 
viou.sly sonic tlieoiy ol llie motion of the nucle.u const it ii(‘iits 
will have to be claboiatcd <‘vcntuallv NuIIk'i loid and 
Chadwick’s work gives a stiong indiealion ol <iii oibital motion 
of at least one pioton, aiul it is jiiobable that a lomplicated 
system of moving parts will have to bi* devised to gn-c a stable 
nucleus. Any .successful model which will cvplain i.idioactivily 
will have to contain moving jiiotoius and elections. It is (piite 
possible that the nucleus will be defuutcU' ihvidcd into iunci and 
outer parts, and a kind of nucleus within the mu'leus assumed. 
A start in this direction lia.s, in fact, alresuly been made 

Ruthcrfoid has locently put foiward a piovi.sional scheme 
of nuclear structure, {^ided largely by a suggestive re.sult 
obtained in investigating the se,atteiing of a jiarticles by 
aluminium. The experiments of BieliT, to which reference was 
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made in Chapter 11 ., showed that the closer the approach of 
the o particle to the scattering nucleus the smaller becomes 
the ratio which the number of particles scattered through a 
given angle bears to the number indicated by the inverse 
square law. Rutherford and Chadwick, using a particles of 
greater energy, have found that for still closer approach 



30 

RuUu'ilord’s iiucleai scliciue 


than Bieler obtained this ratio suddenly mci cases again. 
This result was obtained with aluminium with hcaviei ele- 
ments, where, owing to the large nuclear charge, such close 
appioaeli does not oeeiir, the inverse square law was found to re- 
tain its validity within the limit attainable. F or example, with 
silver and gold the distance of closest approach is 3 x lo'i* cms. 
and 3 X 10 ems respectively with the swiftest a particles used. 

The aluminium results can be explained by supposing that 
the nucleus consists of a positively charged inner core, sur- 
rounded by a ring or shell of circulating electrons, and a 
system of still larger radius of arculatmg protons, as represented 
crudely in Fig. 30. An a particle which does not penetrate 
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the outor sluiU will he subjected ton lorn; whieh hdlovvs approxi- 
mately the, iiiviiist! s([uare law.’" .\n « i>aitiele which pcae- 
tratos within tlu! proton syst<*m will theti he suhjiu'ted to a 
repulsion smaller than woul<l he the ease on the inveise stpiarc 
law (supposing', of eouiS(‘, tin* net nueleai ehaij^e to he. e,on- 
e,entra(e(l at tint eentre the nucleus), and foi such particles 
the scatleiiiifif will ho less than that calculated on lint inverse 
scpiure law. tt jtaitieli'S which i)os.sess sidlntienl etn‘if>y to 
penetrate tin* inner system of satellites tepies<‘Uted in h'l);. 30 
will ho e,\:posod to a hij.;j^er fn'hl, ainl tint .seatteiiuf* latio will 
increase. The (piantitativit dep<utui(5 liom tin* inveise scpiaie 
law will dept*n(l upon the exact ilistiihution ol tlu* nuclear 
elcc.tric.ity. When the lawsot s«'attei in/* loi vei y elosttappioach 
aut moie c.onij)l(*ti*ly woiked otit no doubt an !ittt*mpt will be 
nia<Ut to lejuesent tins distiihution uu»u! e\acll\' 

The scatt(*nn<4 lesults alone <lo not, of couist*, deniand that 
the elections and piotous ol .50 shall he m motion, since a 
statical distiihution will ellect the same thiiif; llowev(*i, li 
we are to letaiii tin* iiiveise scpiaie law ol loici* hetw»‘<‘n the 
inner coie aiul outside electiic (haijncs, as we sliall do unless 
we aie iin'sistihly diiveii liom this position, the\ must he in 
motion to se<uie stability l‘'uitln*i, .is we iciiu'iiilu'i , Rutliei- 
ford was led to assume < iK'iiI.itin^ pi()lons iii the oiitei jiait of 
tlu*. nucleus to evpl.iin the hehavioiii ol the piotoiis exijclled 
by impact of « p.iitielcs (h'lj^ i<}) Othei mich'ai piopeitu'S 
al.so .seem to call loi a dyiiaiUK'al lathei tliaii a statu al model 
of the nucleus Lindein.iim, by ,i comhmatioii ol veiy wide 
geiieiahties ,uid veiy special assmiiptioiis, has, as we have 
seen, devised a nucleus in which tin*!** aie moviiif; pails, which 
gives some account ol (leigei's law comiectiiig laiigi* of a 
])articlo and half-value peiiod, hut which iloes nothing else 
Kills has brought lorward stiong (‘videiice foi <‘iu*igv levels 
within the nucleus, dilTeii*n<'es between which can he emitted 
as y rays, and assumed that these levels an* due to circiihiting 
electrons, like those in the extranuclcai structure, hut has not 
referred to other nuclear properties. 'I'he, appioac.li to tlie 

* If tlie dislnbutioii of oluctnciiy bo suomiiiod azimuthuUy continuous and 

Spherically symmetrical the mvorsc square law will, of courst*, bo exact as 
long as the a particle docs not cross the boundary. 
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problem from various directions is beg inning to indicate certain 
wide features of nuclear structure ; but we are a long way from 
having any sure ground on which to build a more precise 
dynamical theory, since it is improbable that ordinary electro- 
dynamic laws, even as limited by the quantum theory, hold 
within the inner part of the nucleus, whatever may be the case 
in the outer regions. The fact that a heavy nucleus, contain- 
ing some tens of electrons, appears to be of the same order of 
size as the electron itself, as ordinarily estimated, shows how 
much more comphcated the problem of the nucleus is bound 
to be than that of the extranuclear structure, where the dis- 
tances are large compared to the dimensions of the parts. 

Whereas in 1923, when the first edition of this book was 
published, practically all the few experiments bearing on 
nuclear structure were concerned with the spontaneous radia- 
tions from the nucleus, and so applied only to very heavy 
nuclei, containmg a large number of units, Rutherford and 
Chadwick’s latest experiments have radicated how information 
can be obtamed as to the outer parts, at any rate, of light 
nuclei.* The contmuation of these experiments is hkely to 
furnish us soon with further information as to nuclear structure. 

The nucleus may, of course, have a rotation as a whole, in 
addition to any internal motions. In fact, small as it is, it offers 
an unbounded field for speculation, which, however, in the 
absence of experimental information, has a limited value. 

Shape of the Nucleus. When we say that a nucleus has a 
certain size, say 5 x io“^* cms., we do not mean anyihmg very 
determinate. A nucleus is a centre of comphcated forces, 
which, at a great distance, may be taken as a mmute charged 
sphere, but even at a great distance it is not certam that the 
field of force has spherical symmetry about the centre, although 
in the investigation of Bohr and his school it is always assumed 
to possess it. Near the nucleus it is practically certam that 


* Untortunately, at present the main experimental information bearing 
on the dynamical problem is from the radioactive side, and so apphes to nuclei 
of such a complicated character and large number of constituents that the task 
IS of exceeding dilhculty. The greatest hope at present seems to lie in 
extensions of Rutherford’s work on a particles, which has indicated a revolution 
of a proton within the nucleus, and may enable us to explain, at any rate, the 
outer parts of a simple nucleus." (Structure of the Atom, First Edition.) 
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it has not : tlic uutij fact that <t particle (‘mission is accompiuxied 
by so slight y railiatiou seems to huliealt! that there are certain 
preforivd paths alon{{ which the particles leavt*, without coining 
close to (‘xtramu'lear electron orbits. By the tliumeter of the 
nudiais we indicate the distance between tlu‘ centres of two nuclei 
at which the invt‘rs<! stjuare law breaks down. In speaking of the 
shaiHj of the nucleus what has generally been meant so far is 
that nuclear chargt*s, distributed in a ('crtaiu contiguration, and 
acting on external charges with an invtirswj square law, give one 
or other of the (t.'qx'rimen tally established results : tlie con- 
figuration is then called the shajH' of the nucleus. We .shall 
indicate now a few of the attempts which have bci'ii made to 
devise air asjiheru'al nucleus. 

The first, perhaps, was made by Silberslein in 19 k), when he 
showed tliat a theory of the fine structme of spectral hues could 
be based upon an axially symmetrical nucleus, any departure 
from spherical symim'try pioducmg a splitting of a hm* into 
close comiionents. lie assumed an inveise sipiare law between 
each individual cliarge of the nucleus and external electrons, 
and disregarded relativistic complications : th<* helium nucleus, 
for instance, he look as two po.sitive point chaiges sepaialed 
by a distance ’id, upon which the scpaialiou ol tlic components 
of a line is shown to depend Krelmmiary woik only has been 
carried out along tlu'se lines, but it is inteiesting as showing 
that a departure from sphericity not (‘xcetslmg tins ordei of 
size laid down by Rutlierfoid for nuclear magnitudes can 
produce appreciable results on the cleciiomc orbits. U may 
be noted that Darwin found a nucleus of Silbersteiu's type, a 
“ bipole ” of two like charges, fairly sa tisfactoiy from the point of 
view of the collision relation between an « particle and a proton. 

RuUrerford's work, showing that for close collision between 
a flying a particle (helium nucleus) and a nucleus the helium 
nucleus bcliuvcs as if flattened, luus been con.sidered in ('hapter 
IV., where it lias been indicated that there is nothing to decide 
whether the helium nucleus is pcimanently fiat or deformed 
from a spherical to a flattened sliape by the near approach of 
the a particle. Tt has been recorded that Chadwick and 
Bieler, using Darwin’s calculations, have concluded that the 
helium nucleus behaves— in collision— as an cla.stic oblate 
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spheroid, moving in the direction of the mmor axis, the semi- 
axes being respectively 8xio““ cm. and 4x10““ cm. 
At present most speculation as regards shape has been re- 
stncted to the hehum nucleus, since it is only for the swift a 
particle that dose colhsions with that minute proof-body, the 
proton, have yet been studied in detail. The difficulties con- 
nected with the collision between an a partide and a heavier 
atom have been mdicated in Chapter IV. As a general con- 
clusion we may say that it is rather early to expect to get a 
decision on the shape of even the simpler nuclei — the necessary 
accurate experimental work is not yet to hand. Heavier 
nuclei have, in general, been treated as spherical in explaining 
the scattering results. There are, however, one or two inter- 
esting pieces of speculation as to the possibihty of other shapes 
which may be mentioned before leaving the subject 

Chwolson has made a suggestion that the ultimate density of 
electricity, positive or negative, is always the same, t e that a 
given elementary charge always occupies a given volume. He 
adopts the disc form for the nucleus, and shows that for a given 
charge in disc form the mass is mversely as the thickness of the 
disc. He suggests that the positive elementary disc is the a 
particle, and calls it a j>ctalon : he calculates for its radius 70s 
and for its thickness -000555, where s is the radius of the elec- 
tron. The nucleus is then supposed to consist of petalons 
sandwiching electrons between them, a nucleus of atomic 
number Z containing Z - 1 petalons and {Z - 2) electrons. This 
hypothesis is mentioned for its novelty rather than for any 
positive achievements to which it has led. 

Considerations of a different kind have led H T Wolff like- 
wise to assume a disc form for the heavy nucleus at least 
He starts from the assumption that, just as optical and X-ray 
spectrum lines are due to quantum transitions m the extra- 
nuclear electronic orbits, so the emission of nuclear y rays is 
to be attributed to the passage of circulating electrons in the 
nucleus from one quantum state to another. This agrees with 
the views of Ellis He then shows that, if th e nucleus be assumed 
spherical, and it be further assumed that Coulomb’s law of 
force prevails, then the Sommerfeld-WHson quantum condition* 

* See Chapter X. 
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for angailiir inomcirtTun loads to tlu* rosull that, if the rjuiius 
of the snialUist electron {xith is to he mit eater than an., 
tlicn the mu'.h‘ar i'harffts must l)i* at h*ast which is out of 
the question. Ihi eonelud(*s that (‘oulomh's law and the 
quantum condition may he retained if the nucleus, instead of 
being .spherical, is assuimsl to Is; a ]>ositively ehargj'd disc of 
radius 4x lo'^^cms., round which tlnsinu lear elect jons circulate 
in a coplanar, c.oneentrh' orhit. 'riie ]«>sitivt! charges in the 
nucleus are .sui>])osed to hold tog»‘lher hy themsi‘lv«‘s, which, 
of course, means that t'oulomh’s law c'annot hold for them 
among.st tlu'insi'lves for dislanci's less than 4 < 10 enis , hut 
that tiu 5 re])nlsion must <'hang<‘ to an attia<‘tion. 'Plu' radius 
of the electron orhit woiks out at tlu'ica.sonahlevahieof 10 ''■‘an. 
Thc.se values, it may he noted, show a certain rough agreement 
with Jiieler’s estimates of distances at wlncli the in\-eise sriuarc 
law holds and hr<‘ak.s down. On Wolll’s caleul.itions one of 
the electrons detached fiom its 01 hit will leave tlie sphou* of 
atomic inihicnce with a velocity of about •()().Sc m the case 
of radium 15 , a value whu'h ugitss pretty well with the measured 
velocity of the swiftest // ])articl(5 fioiu this ehsiKsit Wollt 
Inis also con.sideietl tlu' juohli'm of « ray emission on the basis 
of a di.se nucleus, without any veiy stiikiiig icsnit 'I’licic has 
been no attempt to adapt the disc nucleus (o llie s<’att<‘iing 
results. 

Too much attention must not, of couise, lx* jiaid to those 
deductions, as the number of uncoulii iiu'd, if ])lausihh‘, hypo- 
theses on which they n‘St is grail. At tin* saint' lime, it is 
noteworthy that ceilain intlcpcndent lines of ic.isoning aic, in a 
very general sort of way, pointing to thi! conclusions • Instly, 
that the Acid of force winch surioimds t lit' nucleus loses sphciical 
symmetry and assumes an a.\ial symmcliy as the ceiilie of the 
nucleus is approached; and secondly, that tht; law of force, 
which obeys tlic inverse .square far out from the nucleus, 
modiAcs its form and ultimately reverses 'sign as the centre of 
the nucleus is approached. Mutdi work is lik(*ly to centre on 
the investigation of those points in tlio near futuic. 

Effect of Packing on Mass of Protons, 'fhcrc remains to be 
discussed the question as to why hydrogen docs not comply with 
the whole number rule, that is, why the mass of a proton when 
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isolated is T.-ooyy, while in any complex nucleus it is i'Ooo± 'ooi. 
This effect of “ dose packing ” of protons, or *' mass defect ” 
{Massendefeki) has been explained on the supposition that all 
the mass, of proton as wdl as dectron, is dectromagnetic. 
Classical theory shows that the dectromagnetic mass is a func- 
tion not only of the charge, but of the distribution of the charge : 
the more concentrated a given charge, the greater the force 
needed to accderate it. Thus the dectro-magnetic mass of 

a charge ^ on a sphere of radius a is — . To obtain the 

3 « 

experimental mass of the electron the charge must be considered 
concentrated on a sphere of diameter 3-8 x 10-^® cms. : to get the 
greater mass of the proton the diameter must be 2 x lo"*-® cms. 
This, of course, assumes that these ultimate partides behave 
like macroscopic charged spheres, which is a considerable 
assumption. 

On the dectromagnetic theory, then, the mass depends on 
the capacity of the system. If we bnng two small charged 
spheres of opposite sign dose together the mass of the two so 
placed will be less than the sum of the mass of the two separ- 
atdy. The diminution of mass which attends the packing of 
the protons in the nucleus (which is in general 76 per cent, of 
the mass of the isolated protons) can, then, be attributed to 
their dose packing with dectrons. That the packing must 
actually be close is indicated by the size of the electrons as 
compared with the estimated size of the nucleus. 

The mass defect is shown m the simplest case by the hdium 
nucleus, which, containing four protons and two electrons, has 
mass 4, 76 per cent, less than that of four isolated protons, 
4'03 o 8. That this is a very stable combination has been proved 
expenmentaUy, and we have also seen that the hdium nudeus 
IS probably the chief unit of which nuclei are built. It may be 
that only in the hdium nudeus is the packing dose enough 
to produce the 76 per cent mass defect, and that for the one, 
two or three odd protons, and the dectrons more loosdy hdd m 
the nudeus by both a partides (on Meitner’s theory) and else- 
where, there is no appreciable packmg effect. The heavy nudd 
are, however, so largdy composed of helium nudd that there 
IS so far no hope of a decision on this point. 
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Wo can K‘‘t a imiucrlcal cstini.itc of tlu* stiibilily of the helium 
nucleus from llie muss <leffct, by taking into ac('oimt Kinstcin's 
rcilalion belwi'cn mass ami cuerKy. Act-online to this, energy 
tmd mass are connected l>y the r<‘Iation 

E 


where c is the vekicity of lif^ht : if a system loses energy it 
loses mass, and vkf vena. Ib*nci' tin* loss of mass which takes 
plact! when four proltms are combined to give a Ijelmm nucleus 
must, whatrrrr hr Us raiisr, be act omp.micd bv .m output of 
energy given by 

/i •o^joK * <) • lo'-"* -aS • io®‘*ergs 

7 • lo" (small) ealoiies 


per gram moleculi* (.] grams) of behmn. 'I bus, tn the language 
of the. chemist, a helium nut lens is an exotlit-umc compound, 
giving out 1-75x10" ealoiies pt-r giam as tnmpaied with, for 
instance, the i-(i •• lo* calories given out when a f>i,on of carbon 
dioxide is formed fium its elements To n-solvt- a giani of 
helium into jnotons would, of touise, leipiiic the input of this 
amount of eneigv, and a substance whit h letjuiics some lo" 
calories to dissociate a giam of it may )usiiliablv be called 
stable. 

A single lii'lmm nut h-us would leiiuiie 


■i« • lo®* 

() I • IO®3 


eigs 


5 * 10 t-lgs 


ap])roximately, 'Ihis is moie than thiet* tmii-s the kinetic 
energy of tlu! swiftest ajiarticle (that foi tlioiium t’awith range 
8-6 cnis. in air at 15” (’.), lient-e there .seems little likelihood 
that the helium nucleus will be dLssociated at present, since tlie 
a particle offers by far the greati-st local concmitration of energy 
at our disposal. 

It is not .surprising that the enormous (‘luirgy which would 
be at our dispo.sal if w<* could make protons combine to helium 
nuclei (4 grams of helium in the course of formation from 
hydrogen would give about a million horse-power for an hour), 
lias led to many brilliant flight.s of fancy. A comparatively 
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small rate of formation of hclinm from protons in the sun would 
give a sufGicicint supply of energy to compensate for that lost 
by radiation. Delightful or horrible pictures of what could be 
done were such a source of energy at our disposal are easily (and 
profitably) drawn. It has been suggested that if once a smgle 
helium atom could be built up from protons the energy liberated 
would detonate in some way all neighbouring substances, and 
blow the world — possibly the universe — to pieces. I confess 
that I do not know quite what is intended by this detonation ; 
presumably it is meant that all neighbouring protons would 
combine, and the output of cniergy be cumulative. It seems to 
me, however, that the fact that, in spite of the existence in 
nature of radioactive changes, electric forces, enormous pressures 
and temperatures, and plenty of protons to work upon through 
all geolo^cal time, no detonation of the world has yet taken 
place, assures us some degree of secunty. It must be remem- 
bered that nature is contiiiiuilly carrying out experiments — 
Rutherford has done nothing new in disrupting nitrogen nuclei, 
which nature has been doing in the same way for millions of 
years, wherever air is in contact with radioactive matter. 
Rutherford was the first to demonstrate it, to show it going on. 

Speculations as to the evolution of all elements from original 
protons and elections are entertaining, but hardly come within 
the scope of this book. 
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CHAPTER VIII 

A DIGRESSION ON OPTICAL SPECTRA* 

Importance of Spectral Evidence. The experimental study of 
spectra, both optical and X-ray, has led to the discovery of 
numerical laws which are of the utmost importance for modem 
atomic theory. As the account of the regularities revealed in 
series spectra is either entirely lacking or else very meagre in 
the ordinary text-books of physics, a short description of the 
chief properties of such spectra may, perhaps, be permitted 
here, as a preliminary to considering the motion of the electrons 
which mn their courses round the nucleus. 

The optical spectra of gases under ordinary pressures consist 
of a number of discrete lines, each corresponding to a charac- 
teristic frequency of vibration. In some cases the lines are 
arranged in obvious groups,! within which they crowd up 
towards a limiting line, or head * these, the well-known band 
spectra, appear channelled or fluted to a low dispersion instru- 
ment, and reveal their true nature only to spectrographs of 
high resolving power. The band spectra are always associated 
with the emission of light by undissociated molecules, that is, 
by combinations of atoms and not by single atoms, although 
sometimes these combinations may be relatively unstable. 


* This chapter is inserted for the benefit of those who are not acquainted 
with the results of modern spectroscopy, and can be omitted by those who are 
Readers seeking relevant experimental data are referred to A Fowler's 
Report on Series %n L.tne Spectra, published by the Physical Society of London 
(hereafter called Fowler's Report"), or to the book Sertengesetze der 
L%nienspektren, by F Paschen and R. Gotze, published by Springer, of Berlin 

f That the lines belonging to an ordinary line series — say one of the senes 
of hthium — form a single group is not obvious to the casual observer. In 
fact, a prolonged investigation is often necessaiy to assign lines to their 
proper series. 
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Orcluiury liiu* siM'dni art' of utouiic origin, and tims <k!mand an 
aloni model <'ai)al)le of emitting a large number of separated fre- 
quencies. C)u tlio classical tluwy of electrodynamics this calls 
for a large munber of d»‘grees of freedom of the vibrating centres 
which the atoms must be supposed to contain. No theory 
{is.stmics that adl the. frecpien<'ie.s an*, emit It'd at once by a 
singit! atom, but, all atoms l)eing suppostiHl similar, any one of 
them must be capable of emitting singly any one of tlie 
lines. 

The diaractt'iislic X-ray .spectra art', strictly titomic in their 
origin : if a largt! lumiber of dillert'ut kinds of atoms are 
I)re.scnt, cither tis a meehsmicsil mixture t)r a elu'inictil com- 
bination, in the .substtuiee whieli is nnitle tt) givt* out its 
diaracterlstic X-rathatitms, each kiiitl of att>m will emit its 
own spectrum e.xactly tis if it alt)nt' wt'rt* pr(‘.st'nt.* 'I'lio X-ray 
spectra have bet'n eonclusividy .shown lo be coani'clt'd with 
disturbances in the inner grtnips t)f elt'e.trons, which act'ounls 
for their independence of chemical t'.ombmaiitins, while, the 
outer electrons are concerned in the emission of tiplieal sjiectra. 
Since dicmical combination is also an allair of tlie tmter 
electrons f the molecule docs not give tlie optical line .spectra 
of its component atoms, but a baud spi'clium of its 
own. 

Dispersed through a range of wavc-k'ugths slrelelung from 
about 10' * cms. to 1.9x10 * cm.s. wo have, then, ceitam senes 
of vibrations whidi arc characteiistic of the jiarlicular atom 
concerned in their emission. 'I'ho X-ray series are of 
comparativdy simple structure, the modifications which take 
place as wc go from the lighter to the heavier atoms being 
easily followed. Tlie optical spectra, on the otlier hand, are 
often of so great complexity lliat the laws which govern them 
have not yet been hunted down : the iron spectrum, to take the 
worst example, with its thousands of lines, long delu'd all 
attempts to unravel it and, altliough consicleiable progiess has 
recently been made m classifying a proportion of the lines, is 
still only partially ordered. The lines of the. s]iectra of hydro- 
gen and helium, and in general tlie .spectra of oltiiuents in columns 
I, II and III of the periodic tables, have been resolved into 
• But cf. the work ol Liadli, p. 385. t Cf, Chapter XII. 
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series governed by comparatively simple laws. These regu- 
larities will now be described, starting with hydrogen, which, 
although the simplest case, exemplifies many of the properties 
of series spectra. It must not, however, be forgotten that the 
spectra of many of the elements have not yet been satisfactorily 
ordered into senes, although the work now being so vigorously 
prosecuted is fast bringing order into columns IV to VIII, 
in which imtil recently only isolated relationriiips had been 
established. 

Hydrogen. It has been found that the regularities of spectral 
series are always much more simply expressed m terms of the 
frequency than of the wave-lengths of the lines concerned. If 
X be the wave-length, c the velocity of light, the frequency is. 


of course, -, but spectroscopists 

A 


have found it more convenient 


to employ the simple reciprocal of the wave-length expressed 
in centimetres, which is called the wave number and will 
be denoted by v In other words, it is the number of waves 
per centimetre. When the true frequency, which is cv, is 
required it will from now on be denoted by 

Bahner was the first to show that chosen lines of a spectrum 
could be represented by a simple law, when he announced that 
the wave numbers of the hydrogen lines then known were 
represented by the simple formula* 



(I) 


when «' has the value 2, and n takes successively the values 
3> 4* 5 • • • to give the wave numbers of the different lines. t 


* This IS not the exact foim in which this discovery was expiessed, but is 
the equivalent modern form 

\ Fowler uses the notation v = JV( and others use ^ = 

It IS not considered advisable to use m for the integer in spectial formulae 
since m is generally adopted for the mass of the electron, which occurs in all 
modern discussions of the theory of spectra n has been widely used in 
developing expressions for the general term of spectral formulae to represent 
the general integer in the quantising equations It is therefore adopted here 
for the general term, the particular value for the hmit being denoted 
by n\ 
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Tlxo constant R* which is of tho xitinost importance for our 
subject, is known as Rydberg’s constant, and has tlie value, ac- 
cording to Houstouii’s rwent detennination, of 10967770 -^04 
(oa the intomational scalc).t llxe accxiracy of the formula 
may bo seen by comparing the values given by the formula for 
the first six lines with the experimental values. 


WAVU numheus ok thk kiust six mnh.s of Tin-: 

' liAUIKK SKKIES OK HYOKOCJKN. 


Observed - 






2-,'/05.t)6 

Culcu luted 


2<>‘,(M77 

-S3«U‘.‘)4 



2 ‘,70^97 


The formula expresses a propi'rty of lim* series which is 
quite general. As the lines are taken in .sue('e.s.si()u from the 
red to the violet they crowd tip together, approaching a limiting 
wave number given by putting n - co in th<‘ formula, b'ig. 


A tn A.U.“ — 



mm 

III 

1 

■ 

mm 




2 s aJT ” ” "i? 

— Vxl0‘* 


Kus 31 . 

Halimn 'h .st‘U(‘s foi hythogcii 

(Solup > \ liiK s luvi 1 k( u iiUMsuird in th<* Kup < 1 < imtMl by ”, Inu .ut* ton < Ui.t (ok< iIk i to In 
I* pirsnUrd «« tin** ) 

shows the lines of the Balnux scries with a scaU*. of wavc-Ujngths 
above and wave minibeis below : the lines of any otlu^r single 

Professoi 8 Siegbalin, Soiumcrfeld, and othcis, having d(*ci<l<*<l to use R 
to denote Kydberg's constant, this notation is here acloi>t<^(l in pu*fci<*iic« to 

the W soinetimos used, JR, it may bo noted, is of diiucnwons 

n and W are pure numbers, and v = *. 

A 

■fW- V. Housioun, Nature, April 2j, lysO. K. T. Birgo carher concluded 
thattlTLC best value of R was 109677-6 [Nature, March 3, 19^3). 

J Using the value JR =109678*8. Tlic wave numbeis have actually been 
measured to eight figures, instead of the seven given, and for clohost agreement 
the value R =109678*3 adopted, while tlic formula has been slightly modified 
by the addition of a very small term to n' and n. This is not of importance 
for our considerations. 
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line series have a similar general appearance. The diag ram 
offers no indication of the relative intensities of the lines, 
which actually fall off in a regular manner as the limit is 
approg,ched. This decrease of intensity towards the limit is a 
regular feature of all spectral series. 

Three other series are now known for hydrogen, namely, 
the Lyman series, in the ultra-violet, and the Paschen series 
and Brackett series in the infra-red. These are expressed 
by putting 

n=z, 3, 4 . . . (Lyman series) 

«= 4 , 5, 6 . . . (Paschen series) 
and «'=4, 6, . . (Brackett series)* 


in the general Balmer formula. 

These three senes exemplify in a very simple way a pnnciple 
whose general conformation for all spectra which have been 
ordered is one of the most important results of modem spectral 
work — the combination pnnapie first pomted out by Ritz 
The formula (i) gives the wave number as the difference of two 


jR 

terms, both of the form — . Now considering the sequence of 
R R R ^ 

terms — — , — , etc., it will at once be seen that as a con- 

I*’ 2® 3® 

sequence of the fact that any line can be expressed as the 
difference of two of them, the wave number of a line can be 
represented as the difference of wave number of two other 
hues. For the spectra of other elements the terms have not 
qmte so simple a form, but they are always functions of whole 
numbers, and the wave numbers can always be expressed as a 
difference of two terms, with certain consequent relationships. 
In general it may be said that the terms are the fundamental 
characteristics of a hne spectrum, for from them all the fines 


* Thib senes has only lecently been observed by F S Brackett {Astrophys, 
Jour , 56 , 154, 1922), who, using a long hydrogen tube viewed end on as a 
source, measured two lines in the far infra-red which may be represented by 

w'=:4, ?i=5, 6 

in the general Balmer formula. The wave-lengths of these two lines are 4-05fi 
and 2-63/ji respectively At the same time Brackett observed for the first 
time the third, fourth and fifth lines of the Paschen senes. 
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oi ilic diffcri-iit st'rics itilo which it nmy l)c resolved are 
obtained. The eoastant R appear^ with slight elumges in the 
terms of all series.* 

In addition to the.se fotir .series there is a " secondary," or 
band, spectnuu of hydrogen, consisting <jf thou.sands of liue.s 
now in ctninst! of disentangleiuent, but this is tha* to a 
hydrogt'n molecule, suul may In* jnit asiih* for the jiresi'nt.'j’ 

Arc and Spark Spectra. Classifiloation ol Spectra. 'Hie series 
spcclnun of hydrogen is particulaily simple, cotresj)<)uding, 
as has been shown by all ino(l<TU tht'ory, to tin* very 
simple stmcUire of the hy<lrogen atom, which in its noimal 
state contains only oni' election, lleaviiu- atoms aie capable 
of emitting two or nmn‘ di.stincl classes ot sjK'cti.i, <-a<'h of 
which luus its own several seiies. Wla-n siil)|e<'t<*<l to mo<leiate 
agitation the atoms give oiu* elass: when siil)|ectc(l tt» veiy 
rough handling they give anotluT elass, eithei a( <'ompamc<l l)v, 
or unaeeoinpanied ]>y, the iii.st. Bv I'aietul scaicli and selec- 
tion of conditions, the c.Mstciu'c ot luithci sjieetia h.is licen 
established during the ])ast l«-w veins In genei.il, m the 
Bunsen flame, oi in the are, the distut h.niet's sulleicd hv the 
atom are coiuparativelv mild : m the sp.iik, witli a coiitlensed 
dischaige from heyden jais oi othei coiKlenseis, the distuib- 
ance IS more violent 'Ihe .sjxrtium piodincd m tht' Inst cas(‘ 
IS therefore called the are sjicctium , m the setond c.isc hues 
which arc shown only Jamtly in tin; me me enham cd, and licsh 
lines appear The new Jini's and the cnhancc<l hues (onstitutc 
the second class, the s]>aik spcctia Some sjwiU lines, ot c<iuisc, 
sometimes appear in tlu* ai<' : tlu' coniph'ti' ordenng of the lines 
into these two classes is a niatli'i of careful invt'stigation. It 
may be stated at once that modern reseaich has .shown that 
the arc spectra result when an elect roii i.s nmiovi'd from 
a neutral atom, while tho sjiark siioctra result when an 
electron is removed from lui atom whiidi has alrea<ly lost 
an electron. The existence of only oni; line spci'.trmn with 

♦Thus, for inslanco, It Jor noulr.il hi-limu. (Sw Chaptoi IX, 

P- *97-) 

t With respect to tlic conditions necchsary fot the pidiliu tioii cif tlu! JfcUnuT 
and the many-hno spectrum of hydrogen in sepniaU'd u'gioits <if a discharge 
tube, a very interesting paper by R W. Wood (Phil. Mag., 44, 538, uyz-z) 
may be consulted. 
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hydrogen is thus simply explained, for the hydrogen atom has 
only one electron to lose. 

The further classes of spectrum to which reference has been 
made are excited, one when two electrons are removed from 
the atom, another when throe electrons are removed from the 
atom, and so on. The existence of spectra emitted by the 
aluminium atom which has lost two electrons has been estab- 
lished by Paschcn, and of spectra due to the silicon atom which 
has lost three electrons by Fowler. The names arc and spark 
spectra are therefore not particularly desirable m the light of 
modem knowledge, since they fail to emphasize the real dis- 
tinction between the classes of spectra to which they arc applied. 
It is, theoretically, preferable* to speak of the spectra of the 
neutral atom (arc spectrum) and ol the singly ionised atom 
(first spark spectmm), continuing the notation by referring to 
the further classes of spectra as of the doubly lomscd atom, 
of the trebly ionised atom, and so on. It is usual to abbreviate 
this description by using symbols whose nature can be made 
clear by taking as an example silicon Tlic four classes of 
spectra, due to the neutml, singly, doubly and trebly ionised 
atoms are called respectively Sii, Siu, Sim and .Sijy. This 
notation goes back to Norman Lockyer. It is to be noted 
that the spectrum of singly ionised siheon is Si^, not Sij[ 
By another notation the spectra arc spoken of as Si, Si+, Si ‘ 
Si+'''+. In the case of arc and spark spectra this form is 
general , for instance, the two magnesium spectra arc often 
described as the Mg spectrum and the Mg ' spectrum. 

In general, most of the lines of either the arc or the spark 
spectra fall into four distinct senes, which are named the princi- 
pal, diffuse (or first subordinate), sharp (or second subordinate), 
and fundamental series f respcclividy. In the general case 
the lines of tlie different senes are intermixed, and the series 
overlap. If all the lines had the same physical character it 
would be difficult to sort tliem out ; fortunately there are 

* But often, for brevity, one is compelled to use the older nomenclature. 

] The fundamental senes is sometimes called the Bergmann senes on the 
contment, but the name is dying out. As a matter of fact, Saunders and 
Fowler independently discovered such series in the visible region for calcium 
and strontium before Bergmann measured a number of them in the mfra-red 
for other atoms 



170 HTIIUCTIIUK OF TIIK ATOM 

certain guides, in the appearance of the lines and their physical 
behaviour, which aid the sepjiraliou into series. I'he ttsrnis 
diffuse and .sliari) series, for inslaure, originate in the fact that 
for many dements the lines of tlu! diffuse seri(*s are com- 
paratively ni-dcfincd juxd *' wsishy,” tlui liiuts of the sharp 
scries dear and definite. (This is not the casts for all elements, 
but the names have been exttuultxl from tins elements wlune the 
lines arc actually diffuse Jind sharp respeidively to those where 
these differences are not markctl.) Continuing the physical 
characteristics of the different scries, wi* nott! that the lines of 
the prindpal series are strong and easily revt*rsed bv absorption. 
When the scries consist of doubbsls, th<‘ st'paration (/.c. dif- 
ferences of wave lutraber of the two ('omponeuts), in I he ca.se of 
the principal series, becomes less an<l le.ss as the wave number 
of the line increases, whereas for the shaip and dillnsti .series 
the separation is constant tlmnighont. In tiiplel seiies there 
are analogous guides which nee<l not In* drtaih'd. The i(“lativ<‘ 
ease with whidi given lines are cM'ited is also a guuh! to the 
series to which they bdong. Another t(‘st m<li<-aling tluj wsics 
to which a line is to be, attnl)ute<l consists in ohseiving the 
Zeeman effect ; in a stiong inugnetK' tiebl all lines winch Ix'Iong 
to the same scries behave siimlaily, .showing ulentic.il resolution 
if the scale of frequendes be adopted. In tlies(‘ wavs, even 
when the lines of diffensit seiies aie nn.scd up, they can be 
allotted to their series. It may be added that thcii* is nothing 
particularly fundamental about the iiiiul.iineni.d senes except 
tliat it is more Halmer-hke than the otliei three ; and tlu* name 
does not seem particularly happy, as if a .senes is pimcipal il 
might also be snpjiosed fundauKsital Ilowi-vei, tlu' name is 
generally used, and is accepted m bowlei’s re])oit, .so it will 
be adopted here. 

A comparison of Fig. 32, on which are repre.seiited tlu* wave 
numbers of the hydrogen lines with b'ig, 33, on whidi are 
represented the wave numhi'rs of the four main s<‘ri(“s of 
lithium, will diow how the scries whidi a.n‘ se])arated for 
hydrogen, overlap for lithium, as they do in the gi'iu'ral ease. 

Series Bdationsbips. Since in all spectra which have been 
ordered the wave number of any line is expressed as the 
difference of two terms, the problem is to find a satisfactory 
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general formula for the terms. 


R 

The simple form ^ suffices for 


hydrogen and ionised helium alone: for other elements a 
somewhat more complicated function of the whole number n is 
required. Various types of formulae have been suggested by 
Rydberg, Hicks, Rummcl, Ritz, Nicholson, Paulson, Johanson 
and otlicrs , ♦ for present purposes the simplest of them, that of 
Rydberg, will suffice. His expression for a typical term is 


R 

(n+/jL)^ ’ where R is tlie constant which we have already seen in 

Balmer’s formula, f « is a whole munber and ai is a number 
which has a fixed value for a given series, but different values 
for the different scries of one element, and, of course, stiU other 
different values for the scries of other elements. Its values, 
as allotted by tlic practical spcctroscopists, are usually not very 
different from unity— that is, they he between 3 and i 7 
For instance, for lithium /i is '9596, 5921, *9974 respectively 
for the principal, sharp and diffuse senes.'] 

Thus for one element any term is determined by a whole 
number n, and by a constant n characteristic of the series. 
The whole number n is called the sequence number (German 
Ordnungszahl or Laufzahl), the body of terms determined by 
giving n successive whole number values in the term formula 
being called a sequence of terms, m contradistinction to a 
senes, which expression is restricted to lines, not terms. 
The particular values which the constant ft adopts for the 
principal, sharp, diffuse and fundamental sequences are generally 
denoted by P, S, D, F, and a term of the principal sequence 


* See Fowler's Keport 

] vanes very slightly from element to element, owing to the fact that 
the mass of the nucleus, though large compaicd to that of the electron, is 
not infinite. (Sec p. 195 et seq ) 

R 

JThe form is characteiistic of aic spectra Foi spark spectia 

the constant is not R but 4i^, a fundamental point Of course, by taking 
n not as a whole number, but as a multiple of -5, it would be possible to 
expiess the spark faciies with the constant R, this, however, as subsequent 
considerations will show, would be to destroy a simplicity of expression which 
IS in the best accord with theory Similaily, since not n but M+fjt is deter- 
mined in fitting an arc senes, the value of n can be changed by a unit if the 
corresponding adjustment is made in jx. (Sec p. 173 et seq ) 
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is writlon iis nl*, whioli is sm abim'viutrd nottjtion for 

, . Similarly, an wth onlfr t«Tni «»f o.icli of llu* oIIht 

(»4P)» 

three series is wrilt<*a hS, iil>, nl'. If thcro Wfu* no 
interrelation Ix'twet'ii tlu> sj'iifs, typiral u'ttvf numhott of lines 
written as P{n), S{n), /•>(«), /''(w) w«»ul<l he 

Pin) /*, nP 
S{n) .S’ - //.S' 

/>(//) ■*»//> 

/•’(//): 1'\--hP, 

where .S' , J) , h\ are the liniils of the dilteieiii seiies 
whicli the wave uuinhers of the lines /*(//), .S (//} . . at l.nn when 
» is put CO , cansinj;( tlnJsets/iKl term to \aiiisli m eai li e.\pie.s- 
sion. The limiting frerpieneies are, howev» i, <omieete(l hy 
simple relalion.ship.s. In llu“ first plaee, the iimiim;; tie(|ueneies 
of the sharp and diltusr* series are ideiitie.d • .S // . 
Further, the limiting freipieneies ol the piim ip.d ami the sharp 
scries arc expre.ss<‘d in a very .simple wav I'v Hie ;.o ( .died 
Kydberg-Schuster law. Tin* liiiiit /'_ of the primip.d senes 
is equal to the vahn* of the term //.s', the \.iri.d>le p.iit of the 
expression for S{n), wln*io n is put i, while the liimt .S’ of 
the sharp series is equal to the value of >iP when* n is [»ut i. 
A further law, discovered hy Kunge, stales Ih.if the hunt of 
the fundamental series is given hy pultnii' n m the term nl). 
'rims the wave numbers of lines of tin* foui .sene*, .ue given by 

P{n) I .S' nP n i,-!, . 

6'(«) -I P-»S It ( . . . 

D{n)-- i P-nl) It 2 , ;5, . 

FiH)=:2J)-nP n d, 

The possible values of n arc hidieateil on Hu* right. It will be 
seen that the first, or lowest frtKinency, liiw* of the pi-iueipal 
series is given by iS-i2->, while the first line of the sharp series 
is 1P-2S. If we put >1=1 in the expression for .'>(//) we gel 
rP-iS, which is the negative of P{t). Thus behaves 

as if it were the "first ” line of the shuiq) .serit's : it is not, of 
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course, observed, because a negative frequency is only a fiction. 
If, however, S{n) be plotted against n, -P(i)' at n=x will fall 
into hnc with the other terms.* 

The different series are tlius expressible by the difference 
between a fixed limiting term and a variable term containing 
a characteristic constant. There are, however, various other 
lines whose wave numbers arc expressible as the difference 
between some value of the variable term of the series and a 
value of tlxe variable term of another series. These are the 
so-called “ combination lines,” a further example of the fact 
that tlic terms are the important things, since they can be 
assorted in various ways so that their differences give observed 
wave numbers As an example of combination Imes, with 
strontium a series of hues iD-nP is observed , a single line 
iS-iD ; and other combinations involving lines of tnplet 
scries which have not yet been mentioned. Speakmg 
generally, it accords best with modem theoretical views 
to lay stress on the terms, and to say that a spectmm of a 
given class can be represented by a certain number of term 
sequences, 'fhe four sequences nP, nS, nD, nF are the most 
important, but, as will be seen later, there is no theoretical 
reason for limiting the number of sequences to four, and 
recently, for tlie representation of certain hncs, other sequences 
G, H. . . . (for which the lowest value of » is greater than it is 
for the F sequence) have been introduced. A further con- 
sideration of this point is best postponed until we take up the 
theoretical aspect of the subject in Chapter XI. The fact that 
any spectral line can be represented by the difference of two 
selected terms is embodied m the Combination Principle of 
Ritz, to which reference has already been made. 

It should bo stated clearly that the allocation of the whole 
numbers to the leading terms in the above series is to a certain 
degree arbitrary, since the value of n in {»+/«), which is the 
quantity determined by the experimental data, obviously 
depends upon the values selected for ft, so that adding or 

• It may be noted that sometimeb the value n = i will give a negative wave 
number ior the P senes, which means that the first observed term is given by 
M = 3 In this case «=i will give a positive wave number, t.e. an observed 
term, m the S senes. 
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siiWructinff I fi<nii /X tlit* value of n by i fur nil tx'rms 

of tlui st'<iut‘u<'e. W'e art* eouhitlei inj' here Kytiberjj’s formula 
R 

for the term , ... ; formulae used for more neeurutu fitting 

(» I /*)■* 

of tlu* experimentally found values of the teims embody a third 
correotivt* term in tlu* dt*nominator, whieh term involvt*s n, 
and so is slightly nuuliru'd by a dilten*net* of alloeatiou of n, 
but not sunit'ienllv to s<*rve to fix ii unetiuivtieally. 'flic 
aUoe 4 ition of n in tlu* lt*ading liiu*s given above (/.c. iS, iR, 
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2D for the limiting terms) is Uydbeig’s notation, .ul.i])ted by 
Fowler. In Faselu'u’s notation the i/' is leplaeed by 2[\ and 
2 D by ^I), whieh affects the value ot ft, ol eour.s(*, but does not 
affect tile fitting to e.xperiinent Rydberg aiul l’aselu*n's 
notations are the only two u.sed by ])raeti<”d .sp<*('lros<'opists. 
It will be pointed out lati'r that Molii, on tlu*oretieal giounds, 
allots n still cliftorontly ; on his notation the value of n to bo 
given to tlic leading tenns varies from eh'inent to elemi'iit. 
This notation, groat as is its tlieoretieal significance, has proved 
unmanageable for descriptive puriioses, and ni*<'d not be con- 
sidered at this stage. 'Hic Kydberg-Kowlernotation is adopted in 
this book, since most English readers rely on Fowler’s report for 
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the mass of important reference which it contains. Those who con- 
sult Paschen-G6tze must keep in mind the difference of notation. 

Giapbical Expression of Series and Series Rdationships. Fowler 
exhibits the series by plotting the wave numbers of the 
lines against n, the frequency scale increasing from right to 
left, and n increasing downwards. Fig. 33 prepared for 
lithium is typical. Above are the lines of the four series, 
exhibited on a wave-number scale; below, the graphs of v 
against n. The Imes approach the limits indicated as n tends 


LITHIUM SERIES 



Poo Soo Foo 

Ooo 


Fig 33. 

DiagiainniatK. representation of senes for lithium 

to 00 . The common limit of S{n) and D{n), and the relation- 
ships P^-S ^—P{x) and S^-F^=D^~F^=D[ 2 ), mdicated by 
dotted Imes in the diagram, are immediately obvious. For 
comparison the simpler hydrogen relationships are exhibited 
in the same way in Fig. 32. 

Bohr, on the other hand, plots the j/-values of the temts and 
not of the lines. This type of diagram is sometimes known by 
the name Grotrian * 

* Grotrian first employed a “ Grotrian diagram '* in a paper on regularities 
in the i^eon spectrum, published in the Physikahsche Zeitschnft for November 
ist, 1920. However, as Grotrian himself clearly states, Bohx had used the 
method some months previously in a lecture m Berlin, and had published it m 
the Zeitschnft fkr Physik, where it appeared a httle before Grotrian's paper 
(vol. u, p 423). 
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Th(‘ tornis nS, nP, nl), nF of t'ju'h <liiYtT<‘nt soquoncc are 
<m a s<'ah‘ of wave nunilMT i*, from right to loft on a 
horizontal lino, taio liiu‘ hoing nst'tl for so<mono<!, and the 
(lilT<Toiit liiU'H hoing K])a<'<‘<l vcrtioully in tin* onlor namocl, with 
the .S' so<[uonoc uppormost. h'ig. 3.} sluav.s tho lithhun spi'ctnim 
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oxliihitod ill tins in.unu’i, a logantlnnit soalr Ixang, liowi'viT, 
usod lor V in ordiT to opoii out tho s(al<‘ |oi the Inghn tonus 
ol tho sijqnonco.s. h'oi oonijiarison tho hvdiogon toims arc 
n'prohontod hy tho voitu'al hiokon linos 'lh<' acK.mt.igos of 
this mothod will a\)poai whoii noln’s goiioial tliooiy ol spirlra 
is disoussod. 

Doublet and Triplet Series : Fine Structure. Actually, 
things arc not, 111 gonoial, as suiiph* as thoy have so tar boon 
described to bo. Sorii's consisting of singli* linos so-oallcd 
singlot scno.s— arc in a minority, 'rho linos of a si-ric's may 
occur in pains, known as doublets : tho hi'st known example of 
sucli a doublet is the yellow sodium linos, XX 58(16, 5890, 
whicli constitute tlic first pair of the sodium principal (doublet) 
series. Tn tlie case of doublets each series is then duplicated, 
since the shorter wavc-lengtli components of each doublet, 
taken together, form one scries, the long('r components a second 
series of the same kind. Again, tho lines may occur in threes, 


A DIGRESSION ON OPTICAL SPECTRA 177 

known as triplets : the senes are then triplicated. Many 
relations, fundamental for the spectroscopist, have been 
obtained experimentally, and explained theoretically, regardmg 
the separation of the lines in doublet and triplet series, relations 
which distinguidi m a characteristic way any selected series 
from each of the other series. Thus the frequency difference of 
doublets of a principal series decreases with increasing fre- 
quency of the lines, so that the two series have the same limit, 
while the frequency difference of doublets of the diffuse and 
diarp series is constant throughout the series Further, some 
lines have satellites, or famter companions, which were for- 
merly regarded as, in a sense, a subsidiary complication, but 
have now been shown to be an essential feature of the multiplet 
mechanism. 

Doublet and triplet senes are not the only t37pes of multiple 
series. Recent research has shown that lines can occur in groups 
resulting from combinations of terms of far greater complexity, 
known as quartets, quintets, sextets, septets and octets, any 
such groups bemg known, generally, as a multiplet The lines 
which go together to form a single multiplet are all characterised 
by the same value of n they are not, in general, readily dis- 
tinguishable as belonging together, but have to be hunted out 
by special methods, such as a consideration of the relative 
intensities of the different components of the multiplets, of the 
temperature classification, and of the Zeeman effect The 
characteristics of multiplets are considered in greater detail 
in Chapter XV, which deals largely with their properties. 

The spectrum of an alkali metal consists of doublets ; 
although in many cases the two components are too close to 
be resolved it is perfectly clear, on both theoretical and experi- 
mental grounds, that each member of the vanous series is 
double When we turn to the spectra of neutral atoms (arc 
spectra) of the alkaline earth metals we find triplets, lines of 
the S, P, D'and F series bemg all tnple.* Besides these 
triplets, however, there are for the same atom quite distinct 


**■ It has been usual hitherto to reserve dilicrent types for the terms of 
dilterent systems ‘ thus both Fowler and Paschen always used small letters, 
s, p, d,f, for triplet terms, while Fowler used Greek letters, <r, ir, 8 , <j>, lor double 
terms. See, however, p. 302 et seq, 

A.S.A. 
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and diffcmit scries of single lines, wliieli can be classed as S, 

P, 1 ) and F series. It imisl l«i eleaily understood that all Uicsc 
lines, triplets and singU'ts, an* emitted by the .same light .source, 
and that tluy ans (luite sepaiate from the spectra of tin* ionised 
atom (spark .spectra) of the .ssinu* elenw'ut. In such a ca.se, we 
{«iy that the .spe('trum comprLses a triph-t system and a singlet 
system, <‘ach .system consisting of th<‘ usual four series and com- 
bination lines (together with |K)s.sibU‘ other .serii's, (i, II, and .so 
on, to which refereiu'e has In'cn made). 'I'ln* .spaik spectrum 
may al.so comiuise different .systems, though the detection of 
more than two is, .so tar, (‘xceptional. Reciuit research has 
.shown that the arc .spectra ot elenu'nts of the higlus* columns 
of tlu' periodic table may compris<> si'verid systems • for 
m.staJici*, quaitct, sextet and octet systems havi* boon 
idt'nlitu'd for luiutral mangaut'se, Mh^. 

The sid)ject ot multijiU't seri(‘s will Ik* further considered later 
in connection with the “inner (piantum numbei.” Their 
.sy.stematic lepresentation with the help of this thud (piantum 
immlx'i is one of the rei'ent deseiiptivc successes ol the theory, 
'rile piesent brief account is designed to ehu'idate casual 
lefeieiices to such senes which will havi* to Ik* luadi* before that 
cliaidi'i IS ica('lied. It is also iuipoitaul that the multiplets 
should not be contused with the tine stnictun* ol spi'Ctral lines 
which, in the cast* ot hydiogeu and ionised h(*liuin, have* proved 
ot gieat im]>orlune(* for flu* (piantum thi*ory. 

The use of instnimcnts of very high resolution, in the hands 
of skilled workers, has shown tliat lines of hydrogen and ionised 
helium, whicli under lower resolution appear to be of simple 
structure, i.e. to have a maximum of intensity, dying off on 
either side, are really complex, having several components. 
The effect is more clear cut with ionised helium than with 
hydrogen, as is indicated by tlieory should be the case. The 
exact nature of the resolution is discussed further when Bohr's 
theory is considered : tlie fine structure is mentioned here 
merely as an experimental fact of spectroscopy. Figs, i and 2 
of Plate V. dxow the fine structure of, respectively, the ■ 
4686 and the 3203 lines of ionised helium, as photographed by 
Paschen in the third and fourth order, respectively, of his big 
concave grating. With 4686 five components can be distin- 
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guidied in the reproduction, of which three are strong : with 
3203 four componeuts, of which three are strong. This fine 
structure is discussed at length in Chapter X. 

The Heliuin SpectEum. Now that the general nature of 
line series has been indicated, there are one or two facts 
about the helium spectrum which call for further mention. 
Non-ionised helium — which gives the " arc ” spectrum — has 
two complete sets of series, a doublet S3retem, with principal, 
diarp, diffuse and fundamental series and also combinations, 
and a singlet system, likewise with four series and combinations. 
This fact was originally interpreted as indicating that ordinary 
helium was a mixture of two hypothetical gases — ortho- 
hdium,” giving the doublet system, and " parhehum,” giving 
the singlet system. There is no corroborative evidence of any 
kind for this supposition, which is now abandoned. Bohr 
has indicated a method of accounting for the two systems, 
without any need for supposing two gases. 

The lines of the spectrum of neutral helium cannot be 
expressed by terms of the Balmer type, but call for terms of 
the Rydberg, or, for better agreement, of the Hicks t3rpe, 

The agreement is not always satisfactory, but this is the most 
generally useful tjTpe of formula. 

In addition to the systems associated with the non-ionised 
atom there are, of course, series associated with ionised helium 
which were originally attributed to hydrogen. These are 

expressed by the formulae of the type ^ 

has a value slightly different from that which it has for 
hydrogen, namely, 109722 instead of 109678. (Cf. p. 168.) 
Series have been detected for which, in the formula just given, 
n' = x and n'=2 (L3mian) ; «'=3 (Fowler) ; and »'=4 (Picker- 
ing). Lines of the Fowler senes (also known as the “ 4686 
series," from the wave-length of the first observed line) 
show the fine structure to which reference has just been 
made. 
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'J'Ik? account Iicn* ^ivcn of series sjxrlra is, it must Ixs jincler- 
stoocl, iu(:oiupl<'t<‘. Only tlioscs points wliicli aro ntxuwsary for 
the uiulcrstandiuK of tlu' th'velojnncnts of the theory handled 
in subsequent ehaptei-s have b<‘en <:onsidiT(*d. Much very 
beaxitiful work has Ihhui <I()n« on th<? regularities exhibited in 
spectra containing systems of clifhTent multii)li<uties and on 
the systematic variation of si>ectra for difhTC'nt ehnnents of 
the siuiw! peiiod, and for <lilTerent elements of llui same 
column, of the periodic table, Sonu* of these have not yet 
been brought uiuler thes theoretical schenu! to bo outlined 
in this book, others will be mentioned as occasion arises, in 
connection with the i)aiticular theoretical ri'sults that concern 
them. 
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CHAPTER IX 

THE DYNAMIC MODEL OF AN ATOM WITH ONE ELECTRON 

latroducioiy- There is, we have seen, general agreement 
that the atom has a nuclear structure, and that the number of 
units of net positive charge on the nucleus, which is the same 
as the number of extranuclear electrons, is equal to the atomic 
number. The question of the distribution and behaviour of 
the electrons is very difficult to answer in a way calculated to 
please everybody and to satisfy nature. The configuration 
and conduct of these electrons govern the series spectra, both 
optical and X-ray, of the atom ; the chemical properties of 
the atom , the magnetic properties of the atom ; and other 
physical properties, of which the compressibility is one that 
has received special attention In general the fields of 
investigation indicated have tended to grow different atoms 
— ^the extranuclear structure has been designed by each school 
to suit particular phenomena, or groups of phenomena, at the 
expense of others. 

It is clear enough that if the forces between the nucleus and 
the electrons ate governed by the ordinary inverse square law 
the atom cannot be stable if the electrons are supposed to be 
at rest. For, if an electron is to be in stable equihbnum, there 
must, corresponding to a small displacement in any direction, 
be a force tending to restore it to its equihbrium position. 
Such a system of electric forces, aU tending to move a negative 
charge towards one point, is, by Gauss’s Theorem, only possible 
if the small sphere enclosmg the point contains a positive 
charge, which is contrary to hypothesis. There are various 
alternatives. We may assume, with J. J. Thomson, that the 
law of force is not the simple mverse square, but one adapt'^'^ 

x83 
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i() {jivt* an ('(lullihriiini jjositlnn for clt'drons. A very simple 
i,y[H! tif snt'li law supposes that tins forex! <lm! to llie ('cntral 

cliargo Ji is given by whi<*h ehanges from an attrac- 

tion to a repulsion wlnni / r, au<l j. J. 'riiomsou has worked 
out the stabilities ui vaiious immls'is of eleetnms on these 
lines, and <^alenlale<t eompressibilitu's trom his models. Or 
we may simpiv as.sunie that eeit.iin eon figurations are. par- 
tieulaily stable, feeling that it is not ours to leason why when 
it eomes to foiees within the atom, ot who.se natuie w<' have 
no dnect evidence ; that the object is to make an easily 
vi.sualiseil pictuie. Ixmginuir, cvtiaiding the woik of Kossul 
ami Li'wLs, has acted in this sen.s<“, ami assnmc<l <'ei tain " cells," 
arianged in an oidei dictated b\ the iieiiodic table, for the 
leception of elections. Oi we may <‘n<leav(aii to t‘.\tend to 
the atomic .stnictme new piini'iples which have alieady found 
a wid(‘ application in molecular phy-sics, using as general a 
dynamical .scheme as jio.ssible, and .stiivmg to keeji in touch 
with classical electuKljnamw's by making the classical .scheme 
a limiting ca.se 'Ihis is tin* nudliod adopted by liohr and Ins 
.school, the lelation with <‘la.s.sical jiioceduu' being given by the 
so-called corre.sjioiulem e jninciph', whiidi will be. disc.ussi'd later. 

In the mam the iiohi atom has been evolved by eomsideiiug 
tile dial act mist 10 ladiatioius, using the tmm to cover optical 
siiectra, of difleient atoims, whili* the statical atom models have 
been daboiated from the chinnical ixmit of x'iew No successful 
attempt lias been ma<U' to exjilaiu the didails of spi'Ctro-soopic 
ohseivation on th<‘ basis of a static atom, ami until veiy recently 
the Bohr atom had but little application to diemistry. Witliin 
the la.st few yeais, liowevei, Holii has eslendetl his llieoiy, and, 
while obtaining viduable results on the theory of optical spectra, 
has also indicated how it cim be adapted to give the periodic 
properties indicated in the modem forms of Mendoleef's table. 
There arc strong indications that the general features of the 
Bohr scheme are capable of covering a veiy wide range of 
phenomena. 


The Bohr atom is a dynamical one in that the extranudear 
electrons are assumed to be m rapid motion round the nudeus. 
On the classical theory of dcctrodynamics this implies in- 
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stabflity, since any acceleration of an dectron must be accom- 
panied by radiation, by which the energy of the atom would be 
continually dissipated, the electrons finally falling into the 
nucleus. Any orbit would be possible, the actual one depend- 
ing upon initial conditions and the time during which radiation 
had taken place, and we should expect not a series of sharp 
lines, but a continuous spectrum. Bohr avoids the difficulties 
of the classical theory by assuming a limited number of stable 
orbits in which the electrons can revolve without radiating ; 
these orbits are subject to certain quantum conditions in- 
volving the generalised momenta of the electrons. The atomic 
system as a whole can, then, exist only in a number of so- 
called stationary states, to each of which pertains a certain total 
energy. States mtermediate between these stationary states, 
although dynamically possible, are excluded by hypothesis 
Radiation takes place only when an atom passes from one 
state to another of lesser energy, the frequency of the radiation 
being determined by the quantum relationship between fre- 
quency and energy. This, of course, is avoiding the difficulties 
presented by the question of dynamical stabihty by denying 
that the classical relationships hold within the atom, but the 
quantum theory has proved its worth in so many branches of 
electromc physics that its mvocation has not the ad hoc 
character of Langmuir’s cells. Bohr has introduced mto the 
world of spectra Planck’s universal constant h, invoked to 
account for very different phenomena. 

In dealing with the dynamical atom we have to discuss both 
the distribution and motions of the various electrons, that is, 
to decide not only upon the possible orbits, but upon which — 
or how many — dectrons are executing each. The way in 
which the quantum principle is introduced is a matter for 
arbitreuy decision, to be followed by a checking of the results 
of the decision against the measurements of the spectroscopists. 
Since the dynamics within the atom are certainly not subject 
to the ordmary laws of mechanics there is no way of deciding 
a priori if a particular method of “ quantismg ” is correct, a 
truism, which, with other trmsms, is occasionally overlooked.* 

* Similarly, of course, there is no a pnon reason for sa5nn!g that the 
mechanics of the Schoolmen, which supposed that the state of a system was 
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Bcsklos tlie optical and X-ray amissiou spt'ctra wc liavo as a 
guide tho various ubsorptloti phenomena, aiul tin* elTcct of 
clectrie and magnetic fields. Finally, tlui <piestion of periodic 
chemical pro})crtics has to be considered. 

The Fondtraental Assumptions of Bohr’s Theory. Before 
Bohr put forward his theory of atomic radiation, which has 
had such succe.ss in repn'sentiug speed ro.scopic fact in the 
widest way, all scientists who ha<l worked on tlu! hisdnating 
problciii of making an atomic moihi which should emit a 
s]X!ctral scri<*s had assumed the. Ma-KWelliau niatiou between 
tiic motion of tlu; eli'ctrou and the I'lnittc'd j-adiation Tins 
states, we may ,sjjy, that if an ehsetron d(‘s<'ribes a peiunUc. orbit 
whidi <'au be n'solved into a series of vibrations of fnupit'ncies 
f’t, Vj, I’a. • • , then radiations of the same fie(juenci<‘s will be 
emitted. Tims, to take, tint simi>ltst ca.se, an election describ- 
ing a circular orbit of freipicucy Vji would, on the classical theory, 
emit a radiation of frc(piency Vf. 

The physics of the jin'sent ceufniv has bei'u maiked by 
.severe attacks on the general validity of classii'.d nu'chanics 
and electrodynamics In consideimg the ladiatiou from a 
black body Planck has been Ie<l, by the nece.ssitv of <lescrd)ing 
experimental fact, to assnuK* that tlieie aie elenieutaxy oscil- 
lators, of frequency j-;, winch, instead of being able to vibrate 
with all amplitudes, and cousispiently <*ini( any .specified 
amount of lacliant energy, can only einil eiieigy lu discrete 
quanta. The quantum of eiieigy wliieh siieli an o.scillator 
can emit is piojiortioual to tin' fieipiency r,, the coi-llicieul of 
proportionality being the .same for oscillators of diffeient 
frequency, in fact, a uuivei.sal constant. 'I'liis universal con- 
stant, called Planck' .s constant, is always denoted by h; its 
value is 6-545x10 e.G.s. units, nu; quantum of radiant 

specified by the position of tiu$ parts ulono, without their veloeiiies that 
there was no such thing as inertia — ^is loss rtMsonahlt* than th<‘ lueehamcs 
ol Nowton. It is tho ai^pcal to expciinient, in this east* Liigidy to ohHorva- 
tions of tho behaviour of that big atom which is our holar system, that 
decides for Newton. If the scholastic ctmcepliou hatl proved moderately 
competent to deal with tcrrostnal experiment— -which, of coursi*, it was not — 
the analogy would bo better than it is. It is interesting to note that Kepler, 
who did not understand the ]>nnciple of iiu^rtia, provided tho planets with 
souls to guide them, and prevent thorn falling into the sun. We have provided 
the electrons with quanta to prevent them falling into the nucleus. 
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energy is thus hv^-. It is to be noted that A is of dimensions 
which are those of a moment of momentum or an 
angular momentum. In general a quantity of these dimen- 
sions is spoken of as an action,* and h is sometimes called a 
quantum of action. 

Bohr assumes the Ruth^ord atom, in which electroias are 
distributed around a small massive nucleus, and further 
assumes that the electrons circulate in orbits under the inverse 
square law of force, which prevails in ordinary electrostatics. 
He further makes three bold assumptions, of which two 
are in direct contradiction to the classical theory, the third 
not so much in contradiction to, as entirely unrelated to, the 
previously accepted — or, to coin one of the pleasant compounds 
now in favour, pre-Planckian — theory Pieliminary reference 
has already been made to these assumptions 

The first is that within the atom electrons can circulate in 
closed f orbits without radiating energy at all, whereas on classical 
theory every acceleration of an electron must be accompanied 
by radiation. 

The second assumption is that of all the infinite number of 
difterent orbits which, according to the initial conditions, 
classical theory indicates as being able to occur, only certain 
discrete orbits are possible, these possible orbits being deter- 
mined by certam quantum conditions An atom in which 
electrons are describing orbits permitted by the quantum 
conditions is said to be m a stationary state, and to each 
particular stationary state pertains a certain energy Thus, for 
a given atomic system, a series of energies Ei, E^, E^ . . . 
alone is possible. Frequently, to make the problem man- 
ageable, it is necessary to fix the attention on a certain electron, 
and to assume that the energy of the rest of the atom is un- 
affected for a whole series of stationary orbits of this electron. 

* The name being derived from the " principle of least action ” used in 
general dynamics. In the simplest case the action takes the form jwv . ds, 
which IS of the above dimensions 

t In Bohr's original theory the orbits were all closed Later, as we shall 
see, paths have been considered which are not closed, the electron tracing, 
in the simplest case, a Keplenan or quasi- Keplenan elhpse with progressive 
motion of perihelion — or rather pennncleon. The assumption still holds 
for this class of orbits. 
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Tn such a case, since we are solely cuuei‘uu*tl with the ilillerenco 
of energies between two tlilfen'ut stationary states, it sullices 
to calcnbite tins energit's of the <lith!riint slationaiy orbits of 
the one electron. 'I’he as.suni|>tio»i of stationaiy states is the 
very esseneoof the tluiory, jiiul <'onslitntes an u<lvance which, 
in spite of (liUlcultitts as to details, has biought onU)r info all 
branches of spectrow'opy. 

Tlie third assumption sjxrilie.s the fietpieiKues ol the radia- 
tions whicli the atom containing tin* oilufs can emit; it has 
been justith'd by its v<*iy considi!ial>le suc<’ess in accounting 
for e.x)K!rinu!ntai relations in line spectia. ll is .issumed that 
under certain coiulifions (the conditions whi<-li jiiovoUe the 
enhs.sion of the sjiectral seiies, whatevei they li.ippen to be) 
an atom cmi be put into a stationarv state ol ciieigy greater 
than the normal energy of the atjumc system, to pass later 
from this stationary state to uiiotliei stationaiy slate of less 
energy /i„., and that tins smlden passagi*, soiiielunes leimed a 
"quantum switch,’’ is accompanied by a i.idi.itioii ol energy 
of wliicli tile Irequeiicv is given by I lie <oiidilion • 

hv,.-E^-U^. (i) 

Before K. T. Whittaker put foiwaid the llnsiiy dcsciihed in 
('haptei XVI no way had I leeii .suggested by wlin li a i.idiatiouof 
this frequency could be coimeetetlwitli the iii<i< limei y of clas.sical 
elcctrod3niainics, and Whittaker’.s model is lallici ('lunliei sonic. 
After all, there is no partieular kmsou why tin* process should 
be explaiiuxl. “ JCxplaineil,’’ in tins connection, ine.ins usually 
“ described m teims of the classical tlicoiy ’’ , as the classical 
theory has been tluowa overboard m posliil.iliiig stationary 
states it should not distn'ss us gieally if, for the moment, such 
explanation is lacking. 

At the same lime, curtain applications ol (be theory of 
stationaiy states at present generally made (m c.ounec.lion 
with the ordering of mullijilets in line spectra and (lie abnormal 
Zeemann effect) are puiely eiiipiru'ul, and haul to reconcile 
with the model valid for .simpler cases. Here some e.xtcnsion 
is certainly desirable, since the restricted applnaibility of the 
model tends to diminish its u.se. 

As the theory is developed it will be seen that while the 
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break with classical mechanics is absolute in respect of the 
postulates to which attention has been directed, yet it is less 
universal than is sometimes hastily assumed. The motion of 
the electrons in their stationary orbits is, by hypothesis, 
governed by the ordinary laws of celestial mechanics (with, 
when necessary, a relativity correction), although the quantum 
conditions impose the restriction that out of all the states 
mechanically possible only a certain number are permissible. 
Further, the conditions which fix the stationary states are such 
that a continuous and slow variation of the external forces, 
such as of the electric or magnetic field m which the atoms may 
be placed, while it affects, in general, the kinetic energy of the 
motion, does not affect the value of the expression (or expres- 
sions) which determmes the stationary state, or, in other 
words, the stationary states possess a peculiar stability deducible 
on mechanical grounds, once the quantising conditions are 
admitted. The principle which establishes this is known as 
the principle of Adiabatic Invariance, to be explained in due 
course. Fmally, by considenng the case when the difference 
of energies between the successive stationary states becomes 
very small (which is the same thing as sa3ang when the total 
quantum number is very large) it is found that in the limit the 
frequency given by the quantum theory approaches that given 
by the classical theory This leads to the tracing of a corre- 
spondence between the motion of the electron in its orbit and 
certain properties of the radiation emitted, although, as has 
been emphasised, the frequency of the radiation is not, in any 
case but the limiting case, the same as that of the periodic 
motion of the electron 

For instance, the simple character of the hydrogen spectrum 
IS connected with the simple character of the orbital motion 
of the electron in the hydrogen atom, although not by the 
relations deducible from the classical theory If the simple 
nature of the orbital motion be disturbed, the spectrum pre- 
sents new features. This result, in its most general form, is 
embodied in the so-called Correspondence Pnnciple of Bohr, 
which is of the utmost importance for the whole quantum 
theory. By means of certain rules expressed in a Selection 
Principle, it leads to a limitation of the number of transitions 
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uiatlii'inaliciilly j>()ssihlt! th(5 various stationary states. 

ICxi'cllfiit UKrcvniont witli fXjM*riuu>nt lias been vstablishocl, the 
liiKiS t*xt*lu<lf<I by tho l*iim-ij)U* Ixanf', in goiwral, missing in the 
actual siwc.tra, 

Th<! case of flu* goiUTal atom, whoa the nuch'ar sun is sur- 
roundtul by a large number of planetary t*U*<*(rons, is obviously 
very eoin]>lieale<l. and only tt» bt! atl<*mpfi‘(l at all by making 
simidifying a-ssumptions. since the n»‘ehanics of <ivt*u three 
bculies is not capable of a .solution in linite tet ms. The simplest 
ease of the quanttim theory of spectra is alfonled ])y the 
atomic, system in which the nucleus is associatisl with a single 
planetary election ; the .itoin ot neiitial hy<hogen is an 
exainph*. An atom of helium from which one electron has 
been altogether rcuujvetl, and an atom ot lithium fiom which 
two electrons have been altogether nsnovud, constitute 
similar systisns, an<l may be ealle<l hjsbogen like, W(! shall, 
to begin with, eonlinc ounsehes to such livdoigen-like atom.s, 
and use them to mtiotlueu in a siiuph* torin various con- 
ccption.s whieli will have to be tliiown into a more general 
form later. 

In the case of circular orbit.s tlit> calculation is straight- 
foiwdrd, and will be. given m <letail as an illusti.itiou of the 
fundamental method of tlie quantum thcoiy of spectra. 

Hydrogen-like Atom with Circular Orbits. W(‘ (onsidur 
an atom consisting oi a nucleus with a single election lotatmg 
umnd it and, loi geuciality, take tlie nuclcai cliaigo as Ze, to 
cover ca.se.s siadi as that ol ioui.sed helium, bet M be the 
nuclear mass ; m tin; chaige and mass of the elt'ctioii ; and r 
the radius of an orbit, all oibits being supposeil ciicular for the 
jiresent. 

Since, the pet(‘ntial I'ueigy is mvolvtsl sonus aihitiaiy zero 
of energy must be taken, the .selection of wlmdi will not affect 
the lliial result, since this involves tlilfereiices of eneigy only. 
It is usmd, for simplicity, to lake the energy of the <'leclron as 
zero when it is at rest at an inlinite distanec! from the nucleus. 
Then, since in an elliptic orbit the velocity of projection is 
well known to be less than the vclo<'ity from infinity, the total 
energy of an electron in an elliptic (or circular) orbit will, on 
this convention, always be negative, and the numerically 
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greats: the expression for the energy, the less the energy -will 
be.* Let M be so large compared to m that the nucleus may 
be considered at rest (in an inertial system of reference) This 
may be done without any loss of generality, since if the problem 
be considered as a two-body problem instead of a one-body 
problem the bodies move about their fixed centre of mass, and 

aU we have to do is to replace the mass m by ju, where I = i 

^ ^ fi m M 

In any circular — or elliptic — orbit the potaitial energy will 

Ze^ 

be negative, to wit - — ; the kinetic energy In a circular 

t 

orbit with an inverse square law of force, equating the centri- 
fugal force to the attraction, we have 


from which — =ww® . 

r 

Ze® 

The total energy is therefore + Jwd®= - 

4 

which is always negative, as just stated. It wiU be observed 
that the smaller the orbit the greater the kinetic energy, but 
the less the total energy. It is convenient to mtroduce a 
quantity W, the negative total energy of the system ; then 


W=\mv'^ = \ 


r 


We now have to introduce the quantum condition which wall 
determme the permissible orbits, restricting them to certam 
selected values of r. In the simple case of circular or elliptic 
orbits the condition which fixes the possible stationary orbits 
can be expressed by saying that the orbits which are stable are 
those, and only those, for which the angular momentum of the 
yi'h 

electron is equal to — , where n is any whole number and h 
2,n 

IS Planck’s constant. The generahsation of this condition for 

* Failure to grasp this point often leads to confusion with beginners as to 
•which orbit represents the greater total energy. 
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the case of orbits which art! not closed is a matter which will 
demand a detailed discussion later, hut, tjuitn j{«ncrally, the 
stationary states an* iixed by restricting the values of certain 
doterniining (‘Xi>ressions, of the dimetisions of action, i,e. 
eiKTgy X time, to being whoh; innnl»er multiples of h. 

In this simple case, then, the quantising eomlition is 

2nmvr nh ( 3 ) 

wluTc n is a whole numl)er. 

Witli (2) this givc's 

2 27r/c“ 

^ nh 


or frequency of revolution 


O) 




Also 


hnv'^ 




//“ 


/r 


. ■ •• ( 4 ) 


For successivt' ixissibh* orbits as we go oulwaids from the 
nucleus W has values inversely as the squaies of tin* successive 
whole nnmbeis. IK, of cours(*, diminishes as we go out born tlie 
nucleus, which conespouds to an iucu*ase of (*neigy. Wlien an 
electron passes from an outei 01 bit to an mner 01 bit tluTc is a 
change of eneigy - - ATK, which, by the fundamental assumption 

AlK 

of llui theory, (i), appears as ladiation of fieiiuem'y >'i • 

or of wave-number v . b' is luopoi tional to and 

he n- 

therefore gives a sccinence of terms dejumding on n in the 
way required for the hydrogim spectrum. 

Wc must suppo.se that when the hydrogen atom is excited to 
radiation the electron is removed from the inner mo.st orbit, which, 
having tlic closest binding, i.o. lea.st energy, I'oiresponcls to the 
normal state, to some outer orbit permitted by the quantum 
condition (3) , When the electron passes from this outer orbit to 
a permittedi inner orbit, of lc! 5 s energy, monoidiroinatic radiation 
takes place. Using the relation (t) wo see that the frequency 
of the lines emitted by a system consisting of a nucleus of 
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charge e, and a single circulating electron, is therefore given by 


^ _2nhne^ / i x\' 

and the wave number by 

__2nhne* / l i \ 

^ ch^ \«'® nV 


( 5 ) 


where n' and n are whole numbers characteristic of the two 
orbits in question. Comparing this with Balmer’s formula 

we find that The numerical value 

of this expression is 

2?=io98oo cm.-*. 


which compares well with the experimental value 109678. 
This numerical agreement, which mvolves only universal 
constants whose value had been previously determined, is a 
very strong support of Bohr’s theory, and helped considerably 
to estabhsh it m the early days. The fact that W is propor- 


tional to — would not by itself have been very convincing. 


as the hypotheses were obviously directed to obtam this result. 
It will be noted that the Balmer series is given by quantum 
switches from vanous initial orbits to one final orbit, of quantum 
number 2. This final orbit is not the most permanent, or most 
closely bound orbit, since for this the quantum number is i. 
This innermost orbit, which is normally occupied by the 
electron, is the final orbit for hnes of the Lyman senes 
The results so far obtained have been deduced on the assump- 
tion that the orbits are circular It is noteworthy that if the 
case of Keplerian, stnctly elliptic orbits be investigated exactly 
the same results follow . a single quantum number n fixes the 
major axis a of the ellipse, which determines uniquely the energy 
and the penod of revolution of the electron.* Thus the 


By the familiar equations of elliptic orbits 

and r=27c'^— 

where jx is the central acceleration at unit distance. 
A.S.A. N 
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(•ncTj^y t>f till* clcotroii a Ki*i)l<*rian (*lhj»so is exactly 

the sanu* as il il \v<‘U' <U'st‘iihinj* a rin'Ie of ladius «, and it is 
chanu'tmst'd by tlu* same (}uantmn nmiibiT, so that it loads to 
the same fio<iu('n('y laws. This rase of simjde elliptic orbits 
is not ('onsidered in dt'tail here beranse it is a .so-ralle<l degener- 
ate rase of a rlass of orbits whirh lequire two tpiantum numbers 
for their sperdiration : tluit is, it is an orbit with twodegreesof 
freedom, ;■ and 0 (whereas the <-irrular orbit only has one, 0 ) and 
only on(‘'periodiritv. Such oibits are disruss(‘<I in ('liaptorX. 

Tlu! ab.solute size of the orbits involvt's .some inter<‘.sting con- 
.sideiations. For the umeimost orliit, for whirh n i, we have 
uz 

r , , , the mmieri<'al value of whirh is '54 a io * cms. 

43r“«/r“ 

This IS of the oidei found foi the .size of the hydrogen atom 
from gas-kinetir, an<l othei, ronsideiations. Now we have 
seen that the ladius r of the optical oibits in(‘iea.ses as the 
squaie of ii, so that when a hydiogen atom is in tlu' stationary 
state prehmmaiy to tin* em!S.sion ot a higher im*mbi*i of the 
Halmei .senes, .say, tlu' orbit must be vtuy huge loi instance 
for the 2oth niembei n zz, it' z, and tlu' ladius of the orbit 
is 22® times that of the mbit in the nonnal atom, t r the 
diameter is about 5 ■ lo * <ins For tlu' hydiogen atoms to 
have 5 > lo * ruis as then mean distance ajiait, tlu' ])iessurc 
of the gas must lu' about -zz mm. of meiruiy, so that it is to be 
exjiected that at jiiessuies of this oidei, oi higlu'i, tlu' 20th 
membei will only show itself m feeble intensity, if at all It 
need not be eiitiiely ab-seiit, .since a ceitam small fiactioii of the 
liydrogmi atoms aie always much fuithei apait than the mean 
distance, and also berau.se the mbits, being jilane, have more 
room than is indicate<l by ronsideiing them as spheiical .sur- 
faces. In gimeial, howi'voi, we should exjiec.t the higher 
mciiibers of the .senes lo have a betti'r rhaiu’e of showing them- 
selves at very low pressui e. Now in stellai spertia as many as 
33 lines have, been observed (Pickering in ^ Puppi.s): the 
diameter of the orbit in the higher stationary state for the 33rd 
line is about i-3xio"® cms. Tlie low pres.sure prevailing in 
the outer regions of stars would bo expected to render the 
temporary existence ot an atom of this size possible. Further, 
considering different stars, recent research seems to indicate 
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clearly a correlation between pressure and number of Balmer 
lines observed. 

Normally in the laboratory only the first four members of 
the Balmer series of hydrogen — the so-called a, j8, y and b lines — 
are observed in any intensity. R W. Wood, however, working 
with a special disposition, at a pressure where " Crookes’ dark 
space IS about 6 mm. long,” has obtained 20 lines, but he found 
that as the pressure was raised the higher numbers of the 
series disappeared successively. Again, Whiddington has 
found that by reducing the pressure from 1 mm. to ooi mm. of 
mercury, and arranging for suitable excitation he can raise the 
number of hues from 4 to 20. Although no very precise 
quantitative results are available, there is, then, no doubt 
that low pressure favours the appearance of higher members of 
the Balmer series, as required by Bohr’s theory It may be 
added, however, that Llewelyn Hughes has pointed out that 
when the pressure is lowered the mean free path of the electron 
is increased, and consequently, if the colhsions are inelastic, 
the energy which it acquires is increased. He is inchned to 
attnbute the appearance of the higher terms to the relative 
preponderance of swifter electrons at lower pressures, since he 
has shown that when electrons with low energies collide with 
molecules of hydrogen the lines of higher term number are 
relatively much weaker than when the impact energy is high 
This may well be a contributing cause to the effect under 
discussion. The presence of atomic, instead of molecular, 
hydrogen m the stars must also be taken into account 

Effect of Fimte Mass of Nucleus. The discovery by Pickering 
of certain lines in the spectrum of ^ Puppis, hues which were at 
first attnbuted to hydrogen but have since been shown to be 
due to ionised hehum, was the first step in a series of investiga- 
tions which has led to another important confirmation of Bohr’s 
simple theory. The lines in question are represented fairly 
closely, but not within the limits of experimental error, by 
putting n=p-\-$ (where is a whole number) in Balmer’s 
formula, and were therefore originally supposed to belong to 
hydrogen. Fowler showed that the lines only occurred in the 
laboratory with hydrogen containing helium, and it was later 
shown that they were produced in helium in the entire absence 
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of hydro{j[on. I''owl<‘r further olwurvod in hdium tulxss sub- 
io a coiKU'nsod <list;liar^(ti lines whose freqnenck's agreed 
approximately willi those obtainetl by patting in equation (5) 
2, 3, 4 • • • * others given by putting n' -i}, «=«, 
if,... All thes(s facts can be simply explained" in the 
following way. 

The heliiun atom is supjuwe'tl to consist of a nucUnis with a 
positive cbargti of two units and a mass approximately four 
times that of the hydrogen nueletis, accoini)anied by two 
cmnilating eh'ctrons. If this gas b(t exposisd to a i)oworful 
discharge the atoms inav heconu' ionise<l, and ios(‘, ea<'h, one 
electron, thus becoming a kind of hydrogen atom with 
a heavier, and doubly charged, mudeus. Putting K - 2 e we 
have, instead of (5), 


Wme* .1 I . 

t7/» ' ' 




{(>) 


The double, nuclear charge mak<‘S tin* constant .\R instead of R, 
llic speclnim of ionised liclium is, in this sens(‘, a ty|>ic.al spark 
spcclnnn. Tlu; above formula gives a])pio\ini.d(‘ly Fowler’s 
lines if we jiut 3, « q, 5 , <> . . , aiul I*i<'kernig’s lines if we 
put .|, n~ 5, (». 7 . * 'riuis all the lines can he referred 
to ionised helium, but th<* value, of R in ((>) is not 
quite the same as R in (5). Tliis fai't is hi'anlifully 
accounted for if we renienilMT that the mass of llu* uiichsis, 
while large eompaied to that of th<‘ electron, is not intiuile, as 
assumed m dedueing (5) and ((>). Tlu' ci'iitu' of mass of the 
system, about wliu-li mudeus and eh’etion iolat<‘, is not at the 

M 

nucleus, hut at a (dose iiosition delei mint'd hy tlu* ratio , and 

m 

it has already bet'll pointed out that the nuKhtieation which this 
introdxTces is expressed mathematically by substituting for m 


*Xlio oiigiual PicUonug suiiim iiu.huU'tl tiiily iillcnuUi- lines, beginning 
■witli « .7. The ftulurc to identily the oUu'f lines was due to tlieir elosencss 
to UalmcT lint's of hydiogun, from which they wi're first sejiarated by Ji. J. 
Evans {Phil. Me^. S9, 284, 1015). Siiuc then U. 11. l’ln.ski*tl {PnhltuUtotis of 
fkt DomtMion Astrophysical Observaiory, I. 32^5, 1022), iiivcsligiiting the hpectra 
of certain O type stars, has suceoeded in obt^ning iialiuer lines (m the case 
of IO Laoertao the first four, J/a, JI^, Uy, Hs) and tlic neighbouring Ihokoring 
lines on the same plate, and has measured the separation acenrately, obtaining 
eiccellent agreement with Bohr’s theory. 
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in the equations the factor If we put R^, R^g * to 

represent the values oi J? in (5) and (6) re^ectively, we have 

S-gymM m 

Z-gyM+m '*'M 
Rjr mM I m 

M+m 3 9 yM 

Fowler’s determinations give for the numerical value 

1-0004095, which gives for the ratio — the value ^ This 

value, calculated by applymg the quantum theory of spectra 
to spectroscopic data, agrees closely with the accepted value, 
deduced from very different experimental evidence. In the 
face of this agreement it is hard to deny that the conception of 
the revolving electron must correspond closely to redity (as 
understood by the physicist), at any rate as far as the hydrogen- 
like atom is concerned. 

It is of mterest to note that an accurate determination of 
the ratio ejm can be derived from the comparison of R^^ and R^ 
For we have 

M _ e : e 
m mjM 
c 

Now , or the ratio of the charge to the mass for the 

hydrogen ion, can be very accurately determined by electrolytic 
methods it has the value 9571 e.m u. gm-^ 

Hence - = 9571 x 1847= 1-768 x 10’ E M u gm-*, 

fK 

* With this notation the spectiuinot loni&ecl lieliuin is given liy 

f Paschcn, as a icsult of further investigation of the spectioscopic 

M 

constants, finds by this method = 1847. His value for is 109732*14 ± *04 , 

which IS, of course, derived from laboratory measurements. H. H. Plaskett's 
value, derived from astrophysical measurements, is 109722*3 i 0*44, agreeing 
within estimated experimental error. 
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using the value of (letornnntHl by rjLs<*h<*n fnnn snoctro- 

})l ^ * 

scopic (lata. value of Is probably ('turt'ct to within 

•5 per cent., and a.s n'liabUi as any at prestuit available.* 

It may be imarked that with helium the value of A* dilTors 
by about i jjart in H.oeo from the. vahu* A*,„ which A* has when 
the nuuss of tins micleu.s is taken sis intinite. 

The Principle 0! Adiabatic Invariance. By tlu‘ fuiula- 
niontal postulate of Bolu’s theoiy the laws of classical elec.tro- 
(lynanncs are violated when an atom is esiuted to radiate. 
Tile e.vciting canst* may he eithei a swift (“lectron 01 a suitalilc 
radiation. The lesult is that the .system is thiown fioin one 
.stationaiy .state to another, with alisoiption of etieigy enual to 
the eneigy dili’cience bthween the states In olhei woids, any 
.suIliCK'nt aiuidcu distuibanci*. such sis th.it pioduccd liy sin 
clec.tron of sufficient energy, 01 a suflicieiitlv i.ipid oscillation of 
electiic force, jiroducesa (jusinfum change m thi‘.ifoinic system. 

Suppose, howevei, that exteinal foices sue i ump.u.itively 
slowly biought to besu on tlu* atomic system, for cxsiniple, 
that an onlinsuy macioscojnc (s c huge ss-ale, as distinct liom 
one of atomic magnitude) electnc oi iiiagnetK' field is cieated in 
its neighbourhood. The le.sult of this field will l>e to modify 
gradually the electron orbit, or, spe.ikmg ipiite gciieially, to 
prodiu'c a new system of elei'tionic motions in the atom It 
cannot, however, send the sitoni fiom one statioii.iiy slate to 
another, and, therefore, if the (piantuni conditions .iie to let.iin 
any meaning, the I'xpression wliu'li is ipiaiitisi'd, i c .set eiiiial to 
nh, mu.st not change. This e\|>iession is of Ihedinieiisionsol an 
action. The kinetic, eneigy may, liowevei, and will m geneial, 
change We proceed to sliow that, 111 tlie simple cast' under 
consideration in this ehaplei, the e.xpri'ssioii (piantised is 
invariant when the e.xternal forces me slowly changed. By 
analogy with the reversible suliabsitii' I'lisinges of theimo- 
dynamic-s, which also imply a slow ('ontimious chungt' of ex- 
ternal agents, such an expression is called an adiabatic invariant. 
To make clearer the nature of the ])roblem to be discussed, 
a simple mcclianical case, which was actually the first for which 

*See also a letter ol It. T, liirgo in Nututi), (quoted in riurtnoto on j). il>6. 
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the question was raised,* may be taken. Suppose a simple 
pendulum, of given frequency, to possess an energy of vibration 
which is a given multiple of the frequency, and thus to 
represent a vibrating system obeymg a quantum condition 
Now suppose that the pendulum be shortened, say by displacing 
a small ring, which embraces the thread near the top, slowly 
downwards the frequency of the pendulum will increase 
Does the quantum condition still hold ? The answer is that 
if the change be earned out continuously and so slowly that the 
motion of the ring durmg a single period is very small compared 
to the length of the pendulum, then there will be work done on 
the pendulum, and its energy will increase so as to be still the 
original multiple of the frequency Similarly, if the pendulum 
be lengthened, there will be work done on the ring by the pendu- 
lum, and its energy will decrease along with the frequency. If, 
however, the motion of the ring be not slow and steady — if, 
for instance, it be lowered suddenly through a finite distance 
just at the moment when the thread is vertical, so that no work 
IS done — then the adiabatic condition is violated, and the 
constancy of the ratio of energy to fre- 
quency no longer holds. 

To prove that the expression 
IS adiabatically invariant m the case of 
the simple pendulum, T being the time 
period and Ft,,, the average value of the 
kinetic energy over a complete period, let 
I be the length from ring to bob, 0 the 
angle which the thread makes with the 
vertical, u the angular amplitude 

Then 0 = asin^i, 

T 

T = 2nVllg 

The tension in the thread 

= S = mg cos 0 + mld^, 
and the vertical component of the force produced by the 

• By H A Lorentz, and at once answered by Einstein,' at the first 'SoLyay 
Congress, 19x1. 
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two equal tcfiisions .S', niakinf^ an an^'U- ol n 0 with one 
auotlior, on tho ring i.s 

.S’(i <'o.s0), 

Again.st this a vortical tiisi>laccnu‘nt »V of the ring does work, 
so that tho incroaso of energy of the j>en<liiluin dm) to tlie 
movoniont of the ririg is 

dli <V..S'(i eosWj, 

tho bar denoting mean value with lespect to lime over a vibni* 
tion. Taking small vibiations, 

I cos 0 W' 

and ('ili <)l . mu . <)/ . nifi . \ir 

to tho second oi<ler, since the tenu m d ilisippeais (o this oidoi . 
Now total energy of ix'ndtdum 

- /i- .iA'k,,,- ImPi"’''!!') , 

dli . ,)! d / 

/<; / ' 

.• 'Hi (onsl.mt. (7) 

or 2/' /i^|„ <'on.stant {7:1) 

Thisisaparticulai case of an nnpoi (nut (licoicmol ltolt/,inann, 
that, for any juniodic system ol peiuxl 7‘ obcving (he classical 
laws of mechanics, 

K> y. 

where ()Q is the heal, or total eiu'ij^v, siipplied to 11 h‘ system.* 
If <5Q“-o, the adiabatic ease, this takes tlie foiin (7a;. [ 

* More gcncMrally 

I 7**^ (1, 

] The case of the conical }K*n(lulum piesents an inteu'Min^ ilhi.stiation oC 
the principle, which can bo worlml out without th<*. apjnoximalion for Hinall 
angl^ involved above. In b'lg. 35 tho mass w must now bo supi>o«o<l to bo 
rotating so that $ may be taken as constant during a single r(‘volution, the 
ring being displaced downwards so slowly that any luociiftcation of in a 
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Another way in which condition (7a) may be written is that 
^ dt = — ^ is invariant, where co =- 

JO fl) T 

which is a form to which reference will have to be made. 

A word of explanation is needed as to the sense in which the 
word adiabatic is used in the mechanical case. In the thermo- 
dynamic case a change is adiabatic if there is no direct communi- 


time comparable with the period is negligible. This is necessary to make the 
case an adiabatic one 

S sin i) ^ml sin 0 . 
where w is the angular velocity. 

mg = S cos 6= ini cos 0 . w®, 

jfikiii = fam® 6 . 0)® 


, , sm-* 6 

= lmgl .. 

“ ® cos 0 

We now require a relation lietween 0 and (o We have 


(A) 


iikni = + AT + - cos ^^0 - ^ • I “ . (ii) 

where W is the work done in displacing the ring from the initidl time, when 
I was /q and K is a constant, depending upon the zero tdken for 


^ S(i -cos - wgf (scc6^-i) 

^0 dli) 


dl 


Diherentiating (A) and (B) with respect to I and equating 
-mg (sec 6^ -i) -mg(i - cos 6^) ■\-mgl — 


= img(‘icc 0 - cos 0) + iwg/( - sec® ^ 


or putting 


Integrating, we get 
Hence E 


5 =cos 0, 


3 + 1 


= C>‘ - — — =C* ^ . 

sm‘6^ 

kill - IwfgG Sin » 0 cos'” • 0 -= InigC tan • 0, 
(t)^ —gjl cos 0 -=glC . tan * 0 . 


2 T ii\,n =— -Ekm =27r . . C*' =constant, 

(1) 

I am indebted to my colleague Professor H. C, Plummer for suggesting this 
example A further very simple illustration is afforded by a heavy particle 
attached to a string executing a circular motion on a smooth honzontal table 
The period is modified by gradually decreasing the radius of the circle, by 
drawing the string through a hole in the table. 
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cation of heat to the systoiu, tiuit is, if the factors expressing the 
energy of themal agitation are not directly changed, Imt only 
affected by the change of sonic* such coordinate as the volume 
or the pressure. 'Phe energy of thermal agitation decrea.ses, 
of cour.se, during the* adiabatic, c'xpansion of a gas (we restrict 
the term adiabatic* to rccversibli* pro<'es.ses the unresisted 
expansion of a gas is not cousicleied) hut only as a result of 
changes of exteinal conditions, weak being done* again.st ex- 
ternal pre.s.sure. Similarly, in the adiabatic* changes contem- 
plated in the quantum mc‘c*hanic*s, the* external forc'C's which 
change do not affect diiectly the* coordinate's of the .system 
whicii determine its enc'rgy [0 and () m the* peiiduhim case*) but 
concern parameters which lemain constant as long as thc.se 
forces are constant (the li'iigth / in the* pi*ncbihini case*) The 
energy of the .system may change, but it is not as the* ic'sult of 
a direct communication of c*neigy as such Again, the adia- 
batic change must take idac'c vc'iy slowly in hotli thc'imo- 
dynamic and mec'hanic'al c'a.sc*s. k'nially, in the* inc*chanic*al 
case, there must bo no .systc'matic. ic'lalionshii) bc'lwc'i'n the 
variation of the cxtc'rnal fence's and the* periods of the* systc'm 
For instance, in the pcnclnlnni c'asc* the evb'inal foices must 
notvary slowly but haimonu'ully with a pc'riod c’cmnected with 
that of the pendulum In the* thei niodynaimc c.ise, the* nuinbei 
of degrees of frei*doin of any mateiiid body, consideied as a 
system of molcailes, is so huge that tins iioint doc's not aiise. 

We have, then, for any simple peiiodic systc'in an expu'ssion 
27 '.Fj,,h which is adiabatic'ally invaiiant Now tlic* cpiantiim 
condition for Bohi 's atom with one elc'c'tron and a c'li culai oibit, 
which wc have so far consideied, is 

ZTtr 

Zmnvy — 'Z ynv^ V nit 

The function which is reslriclcd to be* an intc'gial multiple of 
h is, therefore, an adiabatic invaiiant. An orbit allowed by 
the quantum theory remains an allowed mbit when it is 
modified by any change of external forces <';irned out con- 
tmuously and sufficiently .slowly for the change which takes 
place during a single period of Oie atomic .system to be negligible. 
The general hypothesis of " mechanical transformability,” as 
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Bohr terms it, i.e. that an allowed orbit always remains an 
allowed orbit, coirespondmg to the prevailing field, when the 
external conditions are slowly changed is often known as 
Ehrenfest’s adiabatic hypothesis, after its first promulgator. 

r 

The expression J = \2E^^dt can be generalised, as will be 

seen later, to apply to systems which are not simply periodic. 
Its invariant property is of great importance. In virtue of 
this property the laws of classical mechanics can, without any 
violation of quantum conditions, be assumed to apply to the 
orbital motion as long as the external forces are vaned but 
slowly on the other hand, if J were not invariant and the 
basis of classical mechanics were retained, we could, by suit- 
ably changing these forces, cause the atomic system to emit or 
absorb energy without ^assmg from one stationary state to 
another, which would render our quantum system nugatory. 
The quantum conditions would be impracticable if they lost 
their vahdity whenever a gradual change, even a small one, 
was made in the external forces, and in general when we have 
to seek expressions to quantise in the more general case of 
atomic systems these expressions must be adiabatically in- 
variant The invariant property also allows us to pass from a 
stationary state of a simple periodic motion of a given kind to 
a stationary state of a motion of another kind which is also 
simply periodic Thus, for the simplest of all quantised systems 
the Planckian oscillator, which is an electron, bound to an equi- 
librium position by a qua.si-elastic force, vibrating in a straight 
line, w - E 

=-=nh, 

since the average potential energy is equal to the average 
kinetic energy, so that E, the total energy, is 2Ekin- Hence, 
if the principle of adiabatic invariance be assumed, it follows at 
once that the quantum condition for any periodic system which 
can be formed in a contmuous manner from a Planckian 
oscillator by gradual alteration of external forces is that 
J =nh. Further, Ehrenfest has shown that the a priori 
probability of a given stationary state of a system is unaffected 
by an adiabatic transformation which modifies it into a 
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stationary state of a dillcircnl system. l’Ian('.k (wtabllshctl that 
all possnblo slates of au os<;illator, i.c. all values «f n in the 
expression W nho laul equal a priori probability, lienee 
it follows that all the stalionaiy states in the transfonued 
system have equal a priori ])rolxil>ility. ' 

If a hydrogen atom with a eire.ular oil)it lie transformed 
adialxitically to a syst<‘m with an elliptii; orbit of the same 
time period, which can be done, then must be the same 
for the two orbits. It is well known that in an t'lhptic as in a 
circular mbit the average value of the negative potential 
energy is ecpial tti twice the aveiage value of tlu' kinetic 
energy, and therefore tlie total eneigy of tin' elliptic orbit is 
tlic same as that of the ('iiculai orbit ol the .same quantum 
number. Hence a sy.stem of elliptic oibits will give the 
same frequencies as a sy.stem of cnculai mbits ol the same 
periods?, which is equivalent to .savmg that ,i peimittcd 
elliptic 01 bit is energetically I'tiual to a ciiculai mbit whose 
diameter equals the niajoi axis ot tlu' ellipse We sec, 
then, that Bohr’s theory applied to oiihnai y Ki'ph'i i.in oi bit.s, j’ 
with one degree of periodicity, would give the .same spectra 
as it does with ciicular oibits This ])(>int has alii'ady been 
mentioned, and .shows that in consuU'img ciiculai oibits only 
we have not lost gi'iieiality to the I'.'ctcnt that might bo 
expected. 

However, there is no need to woik, in this casi;, tin* adiabatic 
transformation directly. If the quantising condition Ix' given 

in the form now under di.scu.ssi<m, viz. <// iifi, then it 

can be shown quite simply that the stationaiy <‘lhj)tic oibit 
and the stationary circular mbit, in the same .systi'in, coitc- 
sponding to tlic same value of » have the .same total energy 
and tlic same a. As the ('quivaleiiee of the t'lhptic and 
circular orbits is a point of some importance it may be well 
to prove this from first prinaples. 


* Since, £or an ellipse, T -27U' 




(Kepler’s 'rhinl Kaw). 


t ue, orbits in wbich the electron is attracted hy a ceiitial force, olieying the 
inverse square law, and the mass of the elccLron is assumed indcpciulont of 
the velocity. 
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For the elliptic orbit the following results are well known : 

I we®, , /i\ I 0/1 2m7tab 

-=-^{i + cco&6), p=mr^d= ^ 


and 

Hence 


.2 

hnv^= . 

r 2« 

2 I 2C I " f 

Jo Jo y a 


dt wf®" 

Jo7=^Jo’' 


dd 


p 2Jt 2nmiai 


e^Jo x + e cos 6 6^ Jx - B 


substituting the value of p and remembering that T =27t^J*■ 
quantising condition becomes 


ahn 

'W' 


Hence the quantising condition becomes 
rr 

Fkin • = 2mw^a^ = nh or 


nh 

2jt' 


while the total energy =~W = \mv^ - 


e 




r 2a 


( 8 ) 


For future reference, it may be noted that (4), together with 
(8), gives for the semi-major axis 

hhi^ 

^~/{n^Zehn ^ 

For the circular orbit, of radius a, the quantising condition is 


2! E..„ dt=mv^ =27Tmav=27icmla^ —nh , 

Jo V 

and the total energy is - lmv^= • 

This proves our point. 

Finally, a further property of /, to which future reference 
will have to be made, may be noted Suppose two mecham- 
cally possible states of the system (all external forces being the 
same in each case) differing very little from one another, and 
denote differences between the two states by d. 

tr 




2Fw 


dE 




0 ) 


(O 


Then 
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since the lotiil eiierfjy li aiul K has a vahu> in each of 

the slates which is constant for that state. 

<)li OidJ. 


The Ccsnespondence Prineiple. 'I'he <iuantuin theory, as wc 
have so fai con.sidei e<l it, ffives information as to the frequency 
of the radiation einitt('d by an atom, m ttuins of the energy 
of the stationary states of tiu' atom, but giv<'s no information 
as to other properties wiiich characterise a nidiation, namely, 
intensity and polarisation. It also leaves unsettle<l the ques- 
tion as to whether freqtu'ucies coj responding to eviTy transi- 
tion (quantum switch) mathematicallv possible are to be 
expected, a question which is, of <-oui.se, meu'ly an a.specl of 
the intimsity problem, sinct‘ if a given fnupuuicy is not to occur 
its intensity would be. given as zeio by any adeipiati* theory. 
These que.stions cannot be .settled on the basis of th<‘ postuliitcs 
which we have discussisl, since tlu'se ti‘11 us nothing as to the 
probability of a tian.sition taking place, whu'h would govern 
questions of intensity, noi give us any indication ol jiolanty in 
the way in which the tiansition taki's place, to cotie.spond to 
polarisation in the ladialion. We can, jx'ihajis, illusliatc the 
position as leganls intensity by dtawing an analogy fiom 
the field of ladioactivity We do not know what makes a 
given radioactive' atom bieak <iown, and so have no means of 
calculating when it will do .so. Ilowi'vei, we know einjniically 
the peicentage numbei of atoms of a radioactive' element which 
suffer a given dlsintegiation in unit time, and so can alliibute a 
so-called « pnon piobabihty (ba.si'd on no dynamii'al causality) 
of a disintegnition to eveiy atom In the .same way, the pro- 
bability of a transition between two stationary states must be 
allotted by some a priori principle ; and tlu' (pii'stion befoie us 
is as to how this can be done. 

Bohr has answered this question by assuming a cei tain cor- 
relation between the motion of the I'lectron in its atomic orbit 
and the radiation emitted. On the cla.ssical ('leetrodynamic 
theory the radiation from an electron is governed by the 
electric moment er, or, in the case of a system of .several 
electrons, Ecr, the frequency of the radiation being the same 
as the frequency of oscillation of this moment. 'Hie postulates 
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of the quantum theory are, of course, in direct contradiction 
to this . the frequency of the radiation cannot be equal to that 
of the electric moment. Nevertheless, when the quantum 
numbers are very large the frequenaes of the electronic motion 
in two consecutive states are veiy nearly equal, and also 
approximate to the frequency of the radiation which the 
quantum theory requires. In other words, as the quantum 
numbers of the orbits tend to infimty the frequency cal- 
culated on the quantum theory tends to equality with that 
caloilated on the classical theory Starting from this hmiting 
case, in which there is a close connection between the frequency 
of the radiation given by the quantum theory and the frequency 
of the motion of the electron in its orbit, Bohr has traced a 
correspondence between (a) a quantum switch leading to a 
given monochromatic radiation, and (b) a selected harmonic 
component of the motion of the electron in its orbit, the motion 
being resolved by Founer’s theorem into a sum of oscillations 
whose frequencies are multiples of the fundamental frequency. 
The frequency of the radiations and the frequency of the 
harmonic component are no longer equal, as they are in the 
classical case, but yet, on Bohr’s hypothesis, the presence of 
the given harmonic component conditions, in some way which 
is not understood, the occurrence of the " corresponding ” 
quantum switch. Rules are given for the selection of the 
harmonic component of electron motion corresponding to the 
quantum switch in question The correspondence is assumed 
to be so complete that, if the polarisation and amplitude 
of the given radiation are calculated by the classical method 
from the amplitude and direction of the harmonic com- 
ponent, then they will be approximately correct for the 
actual radiation, although the frequency of the radiation 
must be obtained by quantum methods, and is equal to 
that given by classical methods only in the hmiting case 
indicated. The apphcations of the correspondence pnnciple 
are most striking in the case of periodic motions of two or 
more degrees of penodicity, but the case of simply penodic 
motions considered in this chapter may be used to provide 
an introduction to the principles, and to elucidate what has 
just been said. 
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('onsuliT, Ihfu, llu* ras(‘ of llu> hvtliojufii like .itom, for 
which (hr firciiK'ury ol rrvohHion 

This wc (Irdiuaid for (hr ('innihu oihit, but it lias ahrady bis'n 
pointed out that fora Mini>lr Krplriiaii rllipsr, of luajoi axisr, 
the frcqiuiucy and the «‘Urr{ 4 y aro the sauu* as for a ruidr of 
radius y, the nurlrus Inun#?, of r.ourst*. assunird tin* same in 
both cases. 

The wave number of tin* radiation f^ivi^n oul in jiassm^; fioin 
the n to the u' (piautuin mbit is 

A* R 


{» n\R 

ifii “ 

If n' and » are veiv lait^e eompaied (o then (hlleieiue ;/ n', 

we have api)io\iniat<‘Iv 

I* (ii' n)R “ 

II ' 


{ii It' U i) 


•» «» r •> * 


using the expression loi <0 given al»ove , 01 siiio 


and for simpheity we may t.iki* tin* liv«hogen atom itself, 
where r* 

{11 it')<ii ( 10 ) 

That is, the frequency of tin* emitted ladiatioii, as d<*dueed 

fl 

from the quantum tlieoiy, becomes, when is very small, 

a whole number imilliple of the fundamental fn'queney uf the 
orbital motion of the electron.* 


* 1 1 IS iiitoresling to note. I'ltiollu'r way of cx| irt^hhing iht* <*t|nivuU*nt’<? of classical 
and ciuanluin theory in the hiuit. IJ th(^ motion of tht‘ electron in its orbit, 
of Inndamcntal fr(‘(|iu‘xu;v <o, contains harmonics of frc<|U(*n(*y r<i>. \vhcr<‘ t is 
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In the case of any singly periodic motion (i e motion in a 
closed orbit which repeats itself with fundamental frequency 
CO*), the displacement in a given direction, say ^ along the x axis 
is, of course, a periodic motion with the same fundamental 
frequency co. Such a motion can, as is weU known, be expressed 
as a Fourier series, i.e. 

^ cos 2 n{Tcot + c^) . 

There will, of course, be a similar expression for tj, the 
displacement along the y axis, viz 

r ) = cos znircot + 6,) . 

Now the frequency of the radiation emitted, on classical 
theory, is the frequency of oscillation of the electric moment, 
and therefore, in general, any orbit of one degree of periodicity 
will give rise to radiations of frequencies tcd, t.e radiations whose 
frequencies are whole number multiples of the fundamental 
frequency Hence, referring to equation (lo), we can make the 
quantum and the classical theory agree in the limit which we 
are discussing by assuming that the occurrence of a transition 
from an w-quantum to an »'-quantum orbit is connected with 
the presence of a harmonic component of frequency (» - n') in 
the orbital motion of the electron. If there is no such com- 
ponent, then, to preserve our correspondence, we must suppose 
that the transition in question cannot occur. 

Staiting from tins point Bohr has developed a principle 
wliK'h lays down a. correspondence between {a) the proba- 


a whok* nimibiM, tluMi, m llu* ( Kissital case, tlio radiation will contain a 
iH-iiiu'ni'j, P,,/ 

\vh(‘U‘ J -}ih 'I Ins may bo veiiiicd lioiu (;), p lo-', i ( iik nduMiiij; tb.it w//, 
winch occiiis 111 tho ox])ic*ssi<)ns for c»> and \V, may l)c* litMlod as ( onliniiouslv 
varying in ibo classic <il case 


In the <iiiaiiliiiu < ase we have, generally, V/ -= 


h 


where A lolois to tlio Jimic diUoiciue m \V botwion Iw'o ]ioriiuttod orbits. 
But A/ n')li rh, so (hat in the (jiuintum rase 

AIK 


V/, .= - 




A//t ■ 




If - tends to o, which is the case when t is imleliiuLelv incicased, n 
r 

being kept constant* then the two exi>icssioiis (a) and (b) become equivalent. 


* Such a motion is also called a motion of one degree of penodicity 
A.S.A. O 
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bility of ii fninhili<iii iM'lwfon t\vt» f^ivon stationary 

stall's, of wluili'Vi'.r qnuntuni numls'js, .in«l {h) tlio roi'llu-imit 
of a certain hannonii' tmn in tlie expression foi the eleetrie 
monitinl of tin* electron, which is a j)ei iodic fnnetion of the time. 
I'lie fiequency of the orbital motion of tin* election Is, of 
cour.se, in any case but the limiting I'ase, dilfen'ut in the 
inithil and in the linal orbit pertaininf.; to the ti.insition, and 
it is the e.ssence of the ijuantum theoiy that the frequency of 
the emitted radiation is equal to lU'ithei of these, so that there 
is no que.stion of eiiuahty ol fre<iuencies of I'h'ctionic motion 
and of radiation except in the extn'ine <as<' wlieie n is very 
large compaied to (h «'). Neveitheless it is assumed that 
there is a correlation between the hai monies and the trairsi- 
tions such that an estimate not only <d the intensity of the 
radiations, but also of their state of polaiisation, can Ixi obtained 
by a harmonic analysis of the oibital motion '1 he existi'iice 
of a haimonh' teim conesponding to a given v.due ol t will 
condition the occurience of a tiaiisitioii loi wlucli n n' t- 
in other words, it (\ o, no such tiansition i.in t.ike place 
And if conditions aie such tliat the hainiomc teim is, loi in- 
stance, a lineal vibiatioii toi all slati-s ol the atom, then the 
radiation emitted dniing the tiansition < oiicspondmg, in tlie 
senso which has been indnated, to this teim will be plane 
])olaiised. If the Iiaiinoiiic teim lepieseiits a (iinilai \ibia- 
tiun till' conesponding nidiatiou will !><• iiuulailv jiolaiised 
It IS only in the limit n -'-0 that the lie<iiiem v obtained by 
applying the, classical tln'oiy to the oibil.il motion aitiially 
coincides with that given by (he quantum (heoiv, and smnlaily 
it IS only in this limit that we <an suppose that the scpiaie of 
the amplitudi! of a iiaiticu'ar haiinomi' in the oibitiil motion 
gives an mea.snie ol the inti'iisity ol the conesponding 
radiation. The natuie of the as.sumi)tion ina<le in applying 
the corro.spondenci! princiiili' is that, as the lieipieiicy i-an be 
deduced coirectly, /.c. in agieement with (piantum conshleia- 
tions, from clas.sical considenitioii of the oibital motion in the 
limit, it may be assumed that in this limit (he whole of tlie 
propel ties of the ladiation can hi* dedneed fiom classical 
considerations — the intensity of a given line from the ampli- 
tude of the con'csponding harmonic eomponi'iil, and the 
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polarisation from the nature of the motion expressed by the 
harmonic term. The further assumption is then made that, in 
other cases than the limiting case, ]ust as the frequency of the 
radiation is still to some extent conditioned by the frequency 
of the orbital harmonic component, though not equal to it,* 
so the intensity and polarisation of the harmonic components 
allow an estimate to be made of the relative iatensities and of 
the states of polarisation of the different components. 

A very simple illustration of the prmciple is offered by a 
Planckian oscillator, i e. an electron executmg a linear simple 
harmonic motion, under the influence of some elastic restoring 
force. For such an oscillator ^=Ccos 27 r [cot + c). Planck’s 
hypothesis is that the energy of the oscillator is restricted to 
values given by W =nWQ, where n is a whole number and 
Wo=hv. According to Bohr’s quantum theory of spectra it 
would appear that such a system could emit radiations of any 
frequency v given by hv = (n - n')/ia) where n and «' are any 
two whole numbers, that is, a radiation of the frequency of the 
oscillator itself, or any multiple of this Planck assumed, 
however, that this oscillator could emit only monochromatic 
radiation of frequency co 

To apply the correspondence principle, we note that the 
expression for the motion of the electron con tarns a single 
harmonic term, for which, with our general notation, t = i 
Hence, by hypothesis, only transitions for which n -n' = i are 
possible, and thus the radiations are strictly monochromatic, 
as Planck desired It may also be noted that a circular elec- 
tronic orbit only contains one harmonic term, so that if this 

' To fxi)iobs the IrequeriLy deduced lioni the (luantuin theory in terms 
ol the Irequoncy Voz given by the clasbical theory , conbider J expressed as a 
linear function ol some quantity X, so that / = Jq+tX where r is a whole 
number. As X increa&es continuously, so / takes up a series ol values specify- 
ing mechanically possible states when X=/i we have a stationary state on 
the quantum theory In the classical case ol a periodic motion ot lundamental 
frequency co, we have lor any harmonic Vt/ =tco 

Now from / = /o 4 tX, t 've know that S-E = co . S/ (see p 206). 

9E 9/1 

.. V.,=TCO-g^ 97==9X 
T T r T T 

Now *=s|vo.«. 

or Vj,„is a kind of mean value of Vez over a region in which J vanes contmuously. 
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'wore llio only possihli! tyi«’ ol oibit b>i liy<lrofC(*ii llu* 
spomUMUH' i»iinn|)l(‘ would implv oik'Ii <»! tlio liytlioj'i'n 
series could consist of one line only. 'I'lu* «‘llij)tic oibit, with 
its complclo s<!ries of harnujiiies, peimil.s, li<)W'(*ver, u ]>lundity 
of transitions. 

The ('one.sjKmdence Piineiple has fonml wah* sippliealion 
in the hands of liohr, an<l e.\!i.tnples <tf its use will hi* found in 
8nb.sequent chaidens. tike other funduinental hypotheses of 
the quantum tlieory, it lias no justilicatiou in tin* way of 
logical deduction ; it (‘4innot he expl.iimul in tlu' si*nse of being 
deduced fiom widiT and univ<*isiilly :i<’(’epl**d laws. It is 
founded on analogy, and its snee«‘ss «*ntitles it to lespeel It 
in no sense reeonciles the <juantuni theoiv and the elas-sical 
theory of nuliation, .since it is adilitioii.il to the iandanieiital 
hypollioses of the quantum theory, and (hies not lejilaee or 
modify any of them : it does not lie.n at .dl on the gie.if (ines- 
tion originally handled hv the <iuanlum theoiv, nann iv, tliat of 
frequency. It jnovidcs a method, based on an assumisl coi- 
respondeneo between the re.sulls gjven hv < l.issic.il .nialvsis and 
quantum condition, of estmiatmg a jiiohabilitv of tiaiiMtion 
governed by quantum laws taking ])la(e, but it g.ives us no 
insight into the ])hv.sical causes which lani/; about siu h tiansi- 
tions. It but a<lds to tlu* jiaiadoxes of the (|u.intum theoiy, 
giving us suiotliei e.vample ot the wav m whuh cI.issk.iI and 
quantum laws have to be assumed side bv side, each goveinaig 
part of the whole nu'cliamsm of ladialion, to enaliie us to givi' a 
manageable do.S('iiption of ob.seived faids. 'I he ultimate 
simphtication is .still to <'ome 
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GKNICKAL PKINC IPL1‘:S S^ STI-MS NOT SIMPLY PI' KlODK'. 

IIVDKOOICN LIKP: A'roMSWITII TWO <)l’ WTl'M NliMMI'.US 

Introductory. \V(* IuiV(* srcii how thi‘ luunial line spcctia 
of liy<lrogt*n“lik<* atoms <*an 1 m* (lt*s<a iIm*< 1, on liohi’s iissiinip- 
lions, witli tho lu'lp of one* <iuantum innnht*! whh h tan take 
a senes of whole* ininiln*!’ vahu*s, ami luw the sanu* siinj)!!* 
iiiaoliinery giv(*s a rotif^h i(*piest*ntat!on oi the nnliatin^ pio- 
pe.rties of tlie f»en<*ial atom 'l‘h<* elee liona oihits < oiisitleie<l 
weie in all e'ases simply peno<li< , that is, (he im'moUk i(\ ol the 
motion of tlu* eleetion <ouhl 1m* <le‘s< iilM'tl in l<*iins ol oiu* eon- 
slant, ( 0 , the iuimlM*i o( leveilutions in unit tiiiu* 'I'lie 

ease of enenlar oihits is peite*<*tlv sliaif’htloiwaul . tlu* east* ol 
clliplit' orhits was ;^iv<*n as an <*\tensi()n ol th.it ol tinulai 
oibits, and a])pt‘ait*(l to bt* pist as .simple, (lit* single pei lodn ily 
being, on Hohi’s vu*w, tlie l«u toi lespousible Ini the uleiitilv 
of tlu* term values obtaint*(l lioiii tiniilai and (*lhpli< oibits 
An essential inet'lianu'al dilh*H*ni*t* between tin* eiitulai oibits 
and the. elliptic orbits is tluil tin* loimei have only out* degiet* 
of freedom, 0, whih* tlu* latt<*i havt* two, r and 0. \V<* shall 

sec that the siinplu'ity of tlu* singly p<*M(Mlie t*IIii>tie oibit is 
duo to the fact that it is a limiting, oi so eallt‘<l <h*g<‘iu*iate, 
case, of a chiss of oibits, to be ('(msi(li*n‘(l m this ('laijitta , whieh 
have two fundamental frcqne.ni'u*s to go with tlu* two <legiees of 
freedom. 

As long as the inverse sqnan* law holds e\'a<*tly and the 
electronic mass is taken as constant, tlu* orbits d<*s<*nb(‘(l are, 
in a frame of reference through the centre of mass of the 
system nucleus-electron, simply ])CTiodic Kepleriau ellipses, 
including the circle as a particular case. When, however, 
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there is any departure from the law, whether owing to external 
causes, such as an applied magnetic field ; structural causes, 
such as the presence of a distribution of electrons round the 
nucleus ; or a fector which makes the equations depart from 
those of the Keplerian orbit, although, strictly speaking, the 
mverse square law of attraction still holds, e.g a variation of 
the mass of the circulating electron with its velocity — whenever 
there is such a departure the orbit ceases to be simply penodic, 
and revolves as a whole with a periodic motion involving a new 
period. In other words, in any central field, with a law of 
force departmg from the inverse square form, the motion is 
no longer in an ellipse, but consists in a libration of r combined 
with a uniform motion of the penhehon, or rather pennucleon 
the path is a rosette, as shown in Fig. 36 It can be described 



Orbit of clot lion in a central field departing from the inverse 
square law. 


with the aid of two fundamental penodicities, coi and co^, one 
descnbing the penodicity of the electron in an elhptic orbit 
approximatmg to the quasi-elhptical loop, and the other the 
motion of the penhehon. 
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One quanluui t'omlition no loiiKfV snllirtts lo the 

motion : two sire n'qniml, each involviuK an indcpcmU'nt 
quaiilnui miinbor. That is, two ipiantum iuimlK.Ts, Hi and »„ 
will appear, each of whi<’h can tak(* a .s<'rie.s of whohi number 
values. The lixation of the quantmn ctuulilions is a <inestion 
of great diiricully, which has given lise to nmcli discussion. 
The point of vuw of iiolir diffeis somewhat from that of 
vSommerfeld : both will rec.eive nwution in this chapt<!r, which 
will deal with tlu* case of the hydnjgen likt* atom alone. 

The main effe('ls to be <Us<-usst-d .ue that ol the n'lativity 
changes of mass of the electron ; that <tt an ♦•xt«‘rnal magiuitic 
licld (Ze<‘niau effect) ; and that of an external electtic field 
(Stark effect). In the last mcutioue<l case th<* lesultant field 
of force is not cential, since the elecfiic fu'Id pushu es a paiallel 
field of force, imposed on the m tmd fiehl, du»i to thi' nucleus. 
The path is not a roMdte, but still has the geneial chai.u-ter 
of a Lissjijous motion, that is, a nwition pioduced by ( ompouiul- 
mg two .simple hai monies at light angles to om* .inothei, 
whose peiiods au', in geneial, im oiiinu-nsiii.ible Sia h a 
motion touches an enclosing ligine, whu h in the l.issajons i ,isi' 
is a lectaiigle whose sides toiuh the \auous sui < essive loops 
that constitute the jiafh. In otliei c.ises the sides ol the 
eilclo.suig liguie may he cui ves. In the com sc ot tune the patli 
comes as near as may he desiieil to .iny eho-sen point m tlu' 
enelosed aiea, exci'pt in the degenei.ili' lase when* tin* two 
periods aie eommeiisuiahh', when the path bei ouies a <.l<»s('(l 
figure. A motion ol non degeiieiate t\pe ocinis in tlu* Staik 
effect, in wliieli cas(‘ the enclosing figure is a <inadiangle whose 
sides arc parabolic aies. 

Such motions as we have just glaneed at aie ollen culled 
conditionally periodic, because uiidei (citain condition.^ they 
repeat thonisclvcs exactly aft(*r a finiti* time. '1 bus in the 
Lissajous ease if the fretpiency of th<* om* simple harmonic is 
a simple multiple of the otlier simi>le harmonic at right angles 
to it, or if in the rosette ca.se the period of rotation of peri- 
helion is a simple multiple of that in the quasi-ellipse from 
apse to apse, then the motion is in a dosed cutve. 

Haiuiltoiiiaa Mechanics.— h'or dealing with the astronomy 
of the atom tlic system of gencralisctl mechanics known by 
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the name of Hamilton, which has rendered such great services 
to celestial astronomy, has proved particularly well adapted. 
The equations do not, of course, give expression to any funda- 
mental dynamical principle not contained in Newton's laws of 
motion, but they express the content of Newton’s laws in a 
particularly general and convenient way, without the need of 
specifymg any particular system of coordinates, such as Car- 
tesian, polar or curvilinear coordinates. 

We suppose that the positional configuration of the system 
can be completely specified by r coordinates qi, q a - . .q,. These 
may be of any nature and their number is equhl to the number 
of degrees of freedom of the system ; for mstance, in the case 
of a single particle whose position in space is given by polar 
coordinates they are r, q>, 6. The motion of the system at any 
instant is given by further specifying so-called momentum- 
coordinates or impulse-coordinates, denoted by p^, pa< • • - P,- 
These p’s are strictly defined by r relations of the type 


i>m = 




(I) 


wheic L IS the Lagiangian function “ If the 

Zip„t docs not mvolve any (it never does in the ordinary 
cases with which we have to deal), then 


'pm 




.... (la) 


For example, in the case of a single particle, and Cartesian 
coordinates, 

qx=x, qa='y, qi=z, Fkm = -iw(j;=*+y“+i-^) 

and by definition (la) 

pi=mx, pa = fnij, pi = mz, 

the ordinary momenta. With a single particle and polar 
coordinates 

qx = r, qa^B, ? 3=9 

and Ekiu = ^m(r® + + y®sin®f? 


* The equations ol motion in terms of the Lagrangtan function are 

d ZL 'dL _ 



HTUnCTUIlK OF THE ATOM 




Ileio 


i ,,, • 

Pi ' 


ft 

-■'/ 


so that />a, oompoiit'iUs of anf>iilai luoiucnliun, or of 

moment of momenltim, nlnnil the origin, r(tn«*s|M)iulinj' to the 
angular coordinates 0 and </, The <lelinititm (la) applies, of 
conrso, to anv type of eoordinati* 

To (sxpress the piopeities of the motion .i function called the 
Hamiltonian function is loiim'd. 'I'liis is delimsd by the 
equation 

Blit Huu is a homogeneous (juadi.itie fuu< t ion ol lh<‘ gencial- 
ised velocities y, so by ICuIei’.s them cm 

2/iKm -i-Vm ' f*''"" hV(l<l) 

* 7wi 

. . - 2/tKiu~f'kiu I Ajiiit total eiieigN' 


11 L does not ('ontaiu f explimtly, the IIanul((»ni!iM luiiction 
IS, we sec, identical with the total eneigv ol the .s\ stem, whicl’ 
\vc generally write heieaftei as 

in terms of the tunclioii II the equations ol motion assume 
the form 


>// . _ ;i// 

.'A/ ■" 


which we will not prove heie . they can easily he \enlied by 
taking any simple case. This system ol liquations is calleil 
the canonical* or Hamiltonian lorin ol the equations of 
motion. 

In the cases with which we have to dual the motion may bo 
expressed with the help of coordinates of a particular type, 
caUed cychc. Such a cyclic coordinate is an angular coordinate 


• " Caaoaical. Standard — said ol various siiiiiilosL and most si|a;uiiH'ant 
forms to which general equations and expressions may be brought witliout loss 
ol generality ” (Webster's Dictionary), 
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S, which does not occur in the expression for the energy. Thus, 
in the simple elliptic orbit, the energy is 

and 0 does not occur explicitly, although 6 does. The elliptic 
motion can, however, by a suitable transformation be ex- 
pressed by iwo cychc coordinates just as the Lissajous motion. 

In certain cases a motion is possible (and is of particular 
interest for us) for which the cyclic coordinate can be 
expressed in the form 


?»» 


where co^ and are constants ; the energy then involves 
but not Using equation ( 2 ), we have 




... . (ca) 


a result to which we shall have to refer later. 

Sommeifeld’s Method for Systems 0 ! Two Degrees ot Freedom. 
We have seen in Chapter IX that the quantising condition 
for systems with one quantum number is 

f 2Eiindt=nh (3) 

Jo 

and from above zEun = = P<1 

for a system of one degree of freedom, so that for such a system 
( 3 ) IS equivalent to 

\pdq = nh=J (4) 

Jo 


Now Sommerfeld has assumed, generahsing from this, that, in 
the case of more than one degree of freedom, there is for each 
degree of freedom a quantising condition expressed by 

(^pmdq,n = n,Ji’=Jm, [5) 

where is a whole number. Thus a system of r degrees of 
freedom requires for its quantisation r quantum numbers, 
fii, ... «,, each of which can take a range of whole number 
values. Tlie condition ( 5 ) was enunciated independently by 
W. Wilson, and is sometimes called the Sommerfeld-Wilson 
quantum condition. 
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This molIuKl of (nuintissitiou is arbitrary in llio stnisa that its 
main jnslilkation is to he found in tlui agnit-mout of the n'sults 
with exporimont : tlun'o is no a pnori reason lor it. 'I'lus 
as defined by (5), have, how(‘ver, tlus sumo impoitaiit property 
as was diseovonsd for lh<‘ sinjjlo J in ('hapler I.X, ; t lusy an* a<lia- 
batioaliy invurianl, that is, if the system be exposed to slowly 
varying forces, uiul the effect of tliese on the motion lu'calcu- 
lalod according to classii'al meehauics, (lien tin* value of each 
J„ remains constant. The lines <if a proof have l)e<*u sketelusd 
by J, M. Hurgiii's, but a <‘omi»lete proof piesentsgr.iveditticulties. 
The importance of this coinliliou for the <piantum theory lias 
already been pointed out in <-onue<tiou with <ine ipuuiluin 
number, and exactly similar c.ouMdei.ilious apply in the case 
of moie than one (piantiim numbt‘i. 'I'lieo* is a lunitation 
inemred with degt*nemte .systi'ius which will !«■ iiienlioued 
when .suc,h .systi'ins are disi'ussed u little latt'i 

In the case of multiply p<*t iodic motions the lange over 

which an integral is to lx* taken is (hat of a toiiipli'te 

o.scillalion of the coonlmate. As legaids the (]iii'stion ul the 
selection of the ('ooi'din,ites, lases ean lie iinaf.iiiecl in which 
diilicullies aii.se, Iml in the cases with whn h we sh.ill deal 
here an obvious choice gnu'iallv pies<*nts itself, as r and 0 lor 
the central orbit. 

In general, a momentmu />,„ may be a Iuik tnni ol all the 
coordinalc.s r/i.f/a.. </,. In <-eitain cises, howevei, the 
coordinate can be .so chos(*n that />,„ is a Imu lion of (/„, alone, 
tliat Ls, each momentum is a function of it.s " own " <001- 
dinatc and not of the othei ciioulmales. In .such cases we 
speak of a '* separation of the vaiiablc'S.” * Such .1 sep.iiation 
of the variables is always po.ssiblo m flie case oi the multiply 
periodic system with wliuih we shall th'ai. ICach mtcgial 

is tlien a function of ono ('oordinate alom*, ami this 

is the essence of Sommerfchl's metliod. It is of interest to 
note that in these ca.ses it can be .shown Hint each 1/ libiates 
between fixed limits, 

• Apparently lust discussed by Jaeubi, VQYlc$uni^iin nhvr DynutnUi, C‘hai»tvr 
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Bohr’s Method with Multiply Periodic Systems. With Som- 
mci fold’s iiKdhod t'aoli dognjo of fnicclom l«ids to a separate 
quantum condition, so Uiat for a system of s degrees of freedom 
it appears tliat we must have s quantum numbers. We have 
seen, however, tliat a Keplcrian ellipse only requires one 
‘ quantum number to specify its energy in a stationary orbit, 
just as does a circular orbit, yet it has two degrees of freedom. 
The Kcplerian ellipse is a particular case of a motion of two 
degrees of freedom, a so-called degenerate case, in which there 
is only one periodicity, and when we come to consider this 
ellipse on the basis of Sommcrfeld’s theory it will be seen how 
the two quantiim numbers degenerate into one in this case. 
Bohr’s method of handling the problem provides a much more 
direct connection between the quantum conditions and the 
periodicities, specifying, for instance, that one quantum number 
is required for each true periodicity. This tells us at once 
that the Keplerian ellipse will only require one quantum 
number. The method is more physical than Sommerfeld’s, 
in the sense that the general character of the motion in the 
orbit is made to yield almost without calculation immediate 
information of a general kind as to the quantising conditions 
and general nature of the spectrum to be anticipated. Sommer- 
feld’s method is, however, often simpler to follow. 

We start by considenng the variation with time of the com- 
ponent ^ of the displacement of the electron in its orbit resolved 
along any given direction, say that of x in other words 
is a component of the clcctiical moment of the electron If 
the motion is simply periodic, i e if it repeats itself exactlv with 


a 


frequency ea = 


X 

7 ” 


then wc have, by Founer’s theorem 


^=wC,.cos (27ETO)i-l-y,.) ... (6) 


where t is any whole number, and C^, are constants, corre- 
sponding to each value of r In the simplest case of all, the 
simple harmonic motion, t=i only, and the summation sign 
is dropped. Expressions of the same form as (6), but with 
different values of the constants, can be wntten down for the 
displacements >/, f along the axes of y and z. 

Now suppose a multiply periodic motion, which needs for 
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its six'oilicaliou a uuiuIkt r, siy, of f!f<itifiu ics «i wiiich aiv 
such Hull uo rt'laliou of tin* Ivpc 


I 1 ... i o (7) 

cxisl.s hctwiu'U thcju, when* tin* ;;/’s .11 1* wlioh* mimluM’s.* 
Then Ihc (li.s]>lart'nu'nt ^ is j;ivi‘n in the most rase by 

f cos I 1 I ! r,i», 1/ t j («) 

Ti, Ta ... r, arc all whole numhers, and the roiistanls aie en- 
dowed with nuiny suHi.ves lo indirafr Ifiat lor any {;iven 
.selection of t's theie is a ]>ailirnlar f .ind a |ui tirtd.ir y Tims, 
if tliere were thn*e fieciuenrirs only. e>,, e».„ <«».,, ,ind ,1 paidrular 
term was con.shleteii for width t, r., T;, 5 .sty, then 

f-’aaj would denote the roellirieiit ol that let in. and th(‘ 
phase constant. 'I'lieie ate, ol toinse, m tin' most f^eneial 
ca.se 00 '' terms in the seiies. Siimlai espiessniii'', with say ,1 
and «, and Ji and ji m place ol (' and y ran he will ten down 
for >; and but there is no point m dontf' so 
To specify the .stationaiy state we ha\r .r. heloie reitam 
integials of action / wlncli tue put etpi.d to whole ninnhei 
multiples of A, 

/, Hill, J., II Ji, etc,, (()) 


whore ;t2,...are <inanluin nuinheis ni the sense desnihed on 
page 2I(). ICaeh ol thest' ran take a senes ol whole mnnliei 
values As wc ate e.\pies.sing the motion dilleieiitly lioin Ihe 
Sominerleld-Wilson seheme, we have to thst le.s what we mean 
by the J’s. The J’s aie now {•eneialisetl momenta ( onespoiul- 
ing to the e/s in the expiession fS) ; ni tael, f\ and le’s t.ui ht' 
regarded as luoineiita and eotiidmates replacing />\ and t/’s, 
where ru',,,- <o„,l ) tl. Tliev' satisfy the eanomeal etpiations 


and 




VI 


Vm 


or 


itv 


Taking lor siiuphrity only two porioils <,>, anti o>jj, llicn it thou* is a rolution 
mi(Oi 1 w^coa ‘O both fioqucncies sue biniply iniimonith of ono fumhunoiital 
frequency, and the motion (U*g<*iu*i.itos into the (*as(* toNousl by loiinula (n)* 
li there are more than two txc‘<|um*u%H, ami the ndation (/) hohls hetwcon 
two of them the degeneration in not coiuploto. 
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The number of J’s is now equal, of course, to the number of 
go’s, which IS an essential feature of the Bohr scheme. The go’s 
belong to cychc coordinates, or angle variables, as they are 
sometimes called, to which we have already referred, and the 
equation last written corresponds to (2a). We have 

OT ~^Zl ••• 

°Jl 

and <57, ».. . 

°Jl °Ji 

where the symbol d denotes the difference of the quantity con- 
cerned in two neighbouring states which are mechanically 
possible, but not, of course, necessanly stationary states. We 
thus reach the expression 

( 5 £'= 2 go^( 5 /„., (10) 

which we use as defining the J’s 
In the case of a simply periodic system the two neighbour- 
ing states would be two near elhpses with the same nucleus as 
focus we have seen that the relation dE=^(o^J holds in 
that case. Equation (10) does not suffice to specify the J’s, 
since the constants of integration are unspecified. To fix the 
J’s Bohr does not connect each one separately with a co- 
ordinate, as does the Sommerfeld-Wilson condition, but puts 

= (II) 

r I 

where the p’s and q’s arc, as before, generalised coordinates 
and momenta The stroke over the right-hand member 
indicates an average value with time over a time very large 
compared to the fundamental periods of the motion, i c 





where i is very large. 

It should be emphasised that these conditions come to 
Sommerfeld's conditions, when the latter can be formulated, 
and that, when the calculations can be carried out, Bohr’s 
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und Soinnu'i'fi'ltr.s uu’IIhmIs .«n* iunl !»> uh^iiticnl 

rcsiills about olwtu-vabU* tpiautilios. l-'or oito poiitidirily 

whic.li is till' (luantum condition for a simple pctitula* system, 
and if tin* variables are sepaiable, e<juation (m is eijaivaleiit to 

tUo conditions ,/„ nnuibei of co- 

ordinates, or (U'^nees of ft<s'd(tm, is et|ual to the nuuilHT of 
pm(Kls. ICquations (lo) ami (it) to){etlier do not involve any 
oqnality between the number of / 's ,uid of /t's. but latliei tliat 
the uum])er of J's and conseqtientlv of iiu.inimn numl>crs, 
shall equal the munber of fundamental fietjuemies. On the 
otlusr hand, Soinmeifcld’s method impla-s that the numliei of 
quantum nnmbeis shall be <'<iual t<i the numliei of <l<‘{>iecs 
of freedom. Now it soimdnnes hajtpens (liat the numbei of 
fumlamental fie([U(‘ncies is less than the immbei ol de^'iees 
of free<lom, as m the Kei>ler elhpsi* to winch ictcieim* has so 
often been nuulc • this is the distmf'uishinj’, Icatme of the d.iss 
of motion called dcKcneiate. '1 his cl.iss of motion ilhistiatcs 
well the dilterenci' <it the two \ie\\ point*., .iml the simple «'ase 
of the Ki'plenan ellii>se will bi* lie.itcil bv c.n h metht«l in a 
subsequent se< lion as an illustiation 

The Principle ol Correspondence : General Case. I in* < hiei 
ditleienee lietwccn Molu ami Sommci Icld is that llolii sliives 
to letain a physical tm'aninj.^ toi tin* licquem ics ol the elei tioii 
in its orbit, which on classical thcoiy dct<*imim*<l tin* fie- 
qncncies of the emitted radiation ; these, in the physical 
sense, are the leal Ihiuf's, VVe havi* aheady discussed the way 
in which a given transition is ('oirelated by Bohi with a ceitain 
haimonic component in the orbital motion, in tlu* simi>U‘ ease 
of a simply harmonic system. We now attempt to show how 
the method which has just been sketclusl extemls this corre- 
spondence, or, to put it the other way round, how an extension of 
the correspondence prindpUs may lx* made to imply the method. 

By the fundamental postulate 

vy. J (ii («x, - K (»'„ J , 




225 


TWO QUANTUM NUMBERS 


where the n’s denote that the energies now involve several 
quantum numbers. Now m the case where the quantum 
numbers themselves are very large compared to their differ- 
ences in the two orbits considered, the difference of energy 
between the two orbits is very small, and may be considered 
as given by dE m the equation 

dE = Xa>^dJ„, ( 10 ) 


Then, in the limiting case. 


h h ” h 

= 26 )», («»-<»)• 


But, on the classical theory, the complex radiation given 
out by a system represented by equation (8) would consist of 
harmonics of frequencies given by expressions 

Hence in the limiting case where is very small 


^ m 

and the frequencies given by classical and quantum theory 
agree By the same argument as was used in the simple 
discussion of the correspondence principle in Chapter IX the 
presence of a harmonic component, for which the whole 
number _ 

in equation (8), conditions the possibihty of a transition from 

/ ni 

quantum state n,„ to quantum state n „„ even where 

IS not small The arguments used in the discussion of Chapter 
IX also apply again to the question of polarisation 
The Case of the Kepler ElUipse : Bohr’s and Sommerfeld’s 
Methods Contrasted. We have already said, m Chapter IX , 
that in the case of the Kepler ellipse the energy depends 
upon the major axis only, and is independent of the eccen- 
tricity, so that if one quantum number suffices to fix the major 
axis it will give the Balmer series This is Bohr’s point of view 
which we now consider in a slightly different manner from 
before, on the basis of the general conditions set out in this 
chapter. 

A.S.A, 


p 
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If 2« be the major axis, ro the frcqtjonry of ro.volution. and W 
the negative energy of tiu! tileefioii in its orbit, as consuUircd 
on page 191, then it follows from Kiqdcr’s laws that 


(O 


I 2U'» 

fr ' 


If tile mass of the nucleus is considered ihute. vi must be re- 
phiced by 


By (xo)* 
or 

whence 
so that 


tnM 
m+M ' 

dK <oi\f 


J ^ . .P- 

'dy -’7 

■ n/s 

P • 


the constant of iiitegiution l»emg zeio, siiu'e when / o, IT 0. 
For J is, by definition (n) on page given by 


[J/., d()\, 


choosing r and 0 as coonlinatcs for the elhps<‘ , and it J o, 
and pQ must be each zero, and lu'nce 11' o 
Also wo have the quantising <-(mditioii 

/ ■«/»; 

. jj, I 

/,2 • „2 ' 

which is the same formula as is obtained m tli(‘ ease of eiiinilar 
orbits. Hence Bahner's series and all the other e,onsid<‘i aliens. 

* Cf. in case of circular orbit 

l'-- J irr{mX,'»)hK « r “! 

.’. 8/1'-. I tir ^ (»(/?<■*) Kdr 

^ a> . 
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It is to be noted that, on this view, all that the quantum 
condition does is to restrict the major arils a, and consequently 
the energy, which is a function of a alone, to certain stationary 
values. Corresponding to a given a, fixed by the quantising 
condition, we can have elhpses of all possible eccentricities. 
We now turn to Sommerfeld’s method, which does not allow 
this, although, as we shall see, from the point of view of the 
series spectra the result is the same. 

Sommerfeld’s method attaches a separate quantum condition 
to each degree of freedom, so that while the circular orbit, 
with fixed r and only one degree of freedom, has but one 
quantum condition, the ellipse, with variable r and 6, must 
have two quantum conditions, which will be, as we have seen, 

j* pi.dd= nji, (^p^dr= nji, 

where 


by definition of the f’&. is called the azimuthal quantum 
number, the radial quantum number, and the sum 
the total quantum number, denoted by n. 

For the elhpse 

E^=^m{r^e^+r^), 


which gives pg and p, at once, or they can be written down 
directly if it be remembered that they are the momenta 
depending on 6 and /■ respectively The quantising conditions 
are then 


f2ir 

pgde=27ip=nji, 

•*0 

(hprdr=\ dO = n^i, 

J dO 


... ( 13 ) 


where p—mr^6 is the constant of areal velocity. 

Now the equation of an elliptic orbit of eccentncity e ex- 
pressed in polar coordinates with respect to the focus as origin 
is usually given in the form 




(i +€Cos 0 ), 
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where is the oentnil attraction. In the oasti of a nucleus of 

y‘i 

oharg(! Zc, with a i evolving electron 

T WJ/C*, rti 

, XI fCOS») 

r />“ 

... .. /. 

' /> * ’'^**' ’ «{l) {l l*cosO}“ 

sin* 0 


or 


8 ,W 

(i I « cosO)® 


1 ./"’ 


Substituting the value foi /> 


I <* 


{n„ I »,)“ 


'I'he total cineigy is 


H ir \ r-^) 


/<■« 




using or, from (i.j) and (i-ij, 

(«„ I II, 


ir 


•(13) 


(n) 


Hence 


V 




i 

(»« I 


ef 

l(«'« t n'r 


(«>. I «J“ 1 ‘ 


('5) 


Eqviation (15) shows that <‘lliptic orbits, liealed in Soininer- 
feld’s way, give exactly the same series spectia as do ciicular 
orbits or elliptic orbits treated by Bohr’s inetluxl, since {n„ -i n,) 
and (»'a +«',) take a scries of whole number values, lupiation 
(14) shows that there is a formal diflerenci', however, lor it 
restricts the eccentricity, unrestricted from Bohr’s point of view, 
to certain quantised values. Denoting a given orbit by the total 
quantum number n and by the azimuthal quantum number, 
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which we will now call k, i.e. by {n ^ + %) and by n^, Sommerfeld 
allows, for a given n, n different ellipses, since k may have the 
value n (which gives a circular orbit, because, if the azimuthal 
quantum number equals the total quantum number «,.=o, 
which means that there is no radial momentum and so the 
value of r must be constant) or any lesser whole number value. 
The value /fe = o is excluded, because this gives e = i, a straight 
line through the nucleus, which is physically impossible — ^it 
would either precipitate the electron into the nucleus or eject 
it from the atom. Thus for total quantum number 4 the 
four orbits shown in Fig 37 , which, of course, all have the 



Ellipses of same total quantum number, but different azimuthal 
quantum number 

same major axis, are possible : in this figure to each orbit is 
affixed a pair of numbers, of which the first denotes the total 
quantum number, the second the azimuthal quantum number 
On Bohr's view any ellipse with the nucleus as focus and the 
given length as major axis is possible, since the one quantum 
number which he uses for one degree of penodicity determines 
the energy only. 

The difference, however, between the two results is purely 
formal, since, if the orbit departs ever so slightly from the 
Keplerian ellipse, a second penodiaty is introduced. Such a 
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departure may, for inslanr.(‘, be caused by any departure of 
the central altniction fioin the inverse sqnartj hiw, stich as is 
caused by the relalivity varisitions of mass of the ehsclron : 
tlio perihelion of the orbit then rotates slowly, as in the c(!lc- 
bmted astronomicuil c-ase of the orbit of Mt>rcury. I'hc sivond 
periodicity is, in sucJi a cast‘, the periodicity of the motion of 
perihelion, or ])eriuuc,l(!on, rath<>r. As soon as tlujre is a second 
periodicity, however slow, Bohr has to introdu('(^ a se<'ond 
quantum number, whcni, in eff<‘ct, th«! eccentiicity beeomes 
quantised, just as in Sommcrfehl’s tntatment. However, 
Uohr’s method in general has the great a<lvantage tliat it has a 
physical significance, tlm conditions being unicpielv deleimiiied 
by absolute properties of the oibits. Sommer ft‘l( I 's <'()nditions 
liavc no physical meaning in the sense that they ai<‘ ma the- 
matically <Uipend(;nt niion tlu; <'ooi<lmates ehosiiii. While it 
is tnie that a particular set of «'ooidinaft‘S aie, in g(!neial, 
indicated by the conditions of tlu; jmiblem, as m the (‘\iimple 
just worked out, this dependence is a weakn(‘ss of the melliod. 

The case of the stiictly elliptic oibit is a so-« alled ( legem ‘i.itc* 
case. Bohr'.s point of view is the moie iihysicd, since it gives 
in this case a degeneration, as it w<*ie, ol the oibits. Tlu'u 
discipline is dissolved, they lose th<‘ir class consciousness, and 
we find every po.ssible degree of (‘ccentiicity lepieseiitisl, in 
contradistinction to the geneial ca.se of a peiiodK' oibit ol two 
degrees of freedom, wheie we have two penodicities, and a 
limited number of discrete ec<‘.entricitie.s conditioned by the 
value of k. Tins point of view is all ]>ai t of the coi i (‘sjiomhMiee 
principle, as has been poiuteil out on jiagi* 225, and enables ns 
to make deductions as to tlie geneial natint' ol the spectia to 
be expected as soon us we know the general natiiie of the oibit 
It is also applicable to ea.ses where tin* vaiiables have not bi'en 

separated. The Sommerfeld-Wilson comlil 10ns ^ njt 

demand a sepamtion of the vaiiabh's. 'I'liey have tlu* advan- 
tage of being mathcmaliaUly more straight forwaul. In most 
cases, where they are equivalent to Jiohr’s conditions, it is 
convenient to u.sc them. 

Sommerldd’s Theory of the Fine Stmctoie of Spectral Lines. 

We shall now consider a feature of the line speetni of 
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hydrogen-like atoms, the explanation of which by Sommerfeld 
in 1916 constituted one of the early triumphs of the quantum 
theory of spectra. Sommerfeld applied his quantising con- 
ditions to work out the effect of the relativity change of mass 
of the electron moving in a given orbit on the energy of that 
orbit. We have seen how, on his method, elliptic orbits of 
certain eccentricity only are allowed, as represented, e.g. in 
37» tbe energies of aU orbits of a given total quantum 
number being equal. When the relativity effect is taken into 
account the energies of these orbits are modified dightly, but 
the modification depends upon the eccentricity, being greater 
for those whose eccentricity is greater. This is clear on general 
grounds, since the relativity change of mass, negligible when the 
velocity is very small compared to that of light, increases very 
rapidly with increase of velocity, and the maximum velocity, 
at perihelion, is much greater for large eccentricities than for 
small. The single energy corresponding to orbits of a given n 
is therefore replaced by a group of n energies differing slightly 
from one another when the relativity effect is considered, and 
consequently a single spectral line is replaced by a group of 
close lines. We shall mdicate very briefly the way in which 
Sommerfeld derived his formula, to which we shall have fre- 
quent occasion to refer in considering the structure of X-ray 
spectra. Subsequently we show how Bohr later derived the 
formula from his method of quantisation. 

The relativity increase of the mass of the electron is expressed 
by the well-known formula 


m = 


Wq 


(16) 


where mo is the mass of the electron at very slow velocities 

(the so-called " rest mass ”) and and c being the velo- 

c 

cities of the electron and of light respectively We stiU have, 
rigorously (if the nucleus be infinitely heavy), the central force 
Ze® 

— g- actmg upon the electron, and the areal constant 
ft =mrW= constant, 

but m now varies according to (16) instead of being constant. 
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Tlus cITcc.l of lias ujxai lla* orbit ciin lx* shown to l)o that tlu! 
equation 

^ y,a (I I (i.i) 

which expresses tlu! lelution between r and {) when the. mass is 
constant, beronu's 

I r (i I < e<>s yO), ( 17 ) 


whore 



total en(‘i{,'v. and 


From (17), the oibit when tlie lelativitv elleet is <-onsideied, 
we must find the. new (|iiantisin{' cimditioiis. hbi tlu* lust 
we have 




iW nji kh , 


fia or k beiiiff wntteii alteinativelv loi the a/iiimthal (lu.intuin 
numbers /> is eonstant, and tlie (onqileU' lanj^t' ol inte- 
giation for 0 is ^jr 

JIcnec we have, as in tlie simple eas(‘, 


A 


/.•// 

Jl.7 


For the second <nianluni coudition 



)i,/i 


Now 


t I 

/), mr - mi- 

tH I 


mi 


.^ilO d I 

dt dO r 



From equation (17) we see that r no longiT passes tluough a 
complete cycle, when 0 passes from 0 to -ZTr, but wlu'u 0 passes 

277 

from o to , that is, the perihelion rotattis through an angle 
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27 i(^~ - 1^ per revolution * Hence the radial quantum condition 
Using (17) the integral becomes 


T 
now IS 


f y e®y® sin® yd _ ^2 .P"^ sin*ir . 
Jo (l+e cosyfl)® ” ^Jo (l + ecc 


\yd) 
Sin 2 


2 fl sini: f®' 

=ey-- - 

' - - ' 's^rjo Jo I 


dz 

(l + ecosz)® 
COS z 


+ € cos z 


. dz. 


Le ’ I + e cos, 

In the nght-hand side of the equation the first member is zero, 

while the second member =vl { ^ -ijdz. 

Jq ''I +e cos z ' 


r 2 ir 


dz 


'0 1 +€ cos« 
Hence 


2 Jt 

IS a known integral f aiid equals , — . 


<I^P,.dr=i>y{-^^- 2 %) 

=27ipy{-j^^-i)=n^. 


.fi8) 


This quantises the eccentricity of the stationary orbits, p and y 
being fixed by ^ * 

We now require the expression for the energy of the relativity 


orbit, which is 


E =WoC®(-7 -j^ — - 1) " 
^ Vi -f^ ' 


Zc® 

r 


the potential energy being the same as in the Newtonian case. 
After some transformation this becomes 


where p^ is put for 


E =mff^ 
Zc^ 


I' 


* This rate of rotation of perihelion is, of course, very small For the 
orbits for which it is greatest in the hydrogen atom the orbit is described 
about 40,000 times to one complete revolution of perihelion 

fSee, eg,, Silberstem*s Synopsis of Applicable Mathematics {G Bell), 
p III, Sommerf eld shows in appendix 6 to his how to evaluate this 

and similar integrals by contour integration. 
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It then only remains to suhstitntii for < in (onus of k and n,, 
which is jijmiu by e<j:uation (iH). When tins is carried ont wc 
get finally 


I -I- 


H 


U 




I («r I u-y:^f\ 


•(^9) 


where a 


•Ml’' 

he 


is <'alle<I tlie line hfnic.tuic constant. The 


numerical value of a is 7 ' 2 <) lo 
ThLs is Sonmici fold’s complete exj)H‘ssion foi tin* eneigy E 
in the relativity ellipse. Tins .somewhat lengthy eah'ulation 
has been con.su Usably shoit<*ned lieie bv the omission of 
several steps in the woiking U»r which the leadej is leleru'd to 
Soinmerft'Ul’s book, 'fhe object has Ixs'ii to iinlicate the 
nature of the nioditication mlKwlticed into the mechanics 
by the lelativity change of ma.ss, and the loini taken by 
Sominerh'ld’s (piantnm (’onditions. 

To make the formnl.i mote manageabU*, it m.iv be developed 
inpoweisof/« We have 

' 1 "■ 

»• irk 


E , , «>/■» 


;r 

l-teims in highei poweis til <//, 
whence, lemembeiing n it, i /.*, 

«' I I ,r/"( 


1»* 


E 


n,h 


ifr 

lavii \ 


i 

ilk 


I i 


•» y> [ 

a /-[ 


.1 


1 

Ilk 


.(•Ml) 


neglecting in the linal loiiiml.i td/' and highei jxaveis. In 
the case of hydiogen and ionised helium aZ is of the oidei lo 
so that fonnula ('20j is c.ornict t<i a veiy high degree of appioxi- 
ination. If the formula be applied to X-iav sjiectia, when; 
Z may have, a large value, the lull formula (k)) may have to bo 
used. The value of deiiemls not upon ii alone, as in the 
case of the Keplcrian orbit, but upon n and k. 

Now the frequency of any spectral line is given by the 
differences of two term.s of the form Ji^^, one constant through- 
out the series, the otlicr variable. Considering the constant 
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term alone, it is dear that if the inner orbit has »=2 (and con- 
sequently can be either elliptical, k=x, or circular, k= 2 ), 
there are two energies, and consequently each line might be 
expected to be a doublet. If the inner orbit has » =3, a triplet 
series might be expected. Ihe Balmer series of hydrogen 
is given by the return of an electron from an outer orbit to an 
orbit of quantum number 2, and therefore each line should be, 
on account of the duphcity of the fiTial orbit, a close doublet. 
The separation of the lines in wave numbers is given by 


A 'taRol^ I Ra^ _i 

-35-5i=-5r=-3«5':m. V 


.(21) 


since Z = i for hydrogen. This is exceedingly small, as can 
be seen by comparing it with the separation of the familiar 
sodium doublet, which is ly-iS cm Observation of an effect 
of this order is very difl&cult, as the Doppler effect of the moving 
centres of emission m the gas broadens every hne.* How- 
ever, by working with the gas at liqmd air temperature results 
have been obtamed by several observers. Among recent 
results may be quoted the following : 


Line. 

Observer 

Date 

Av 

H.1 



•293 

h4 

Gehrcke and Lau 

1922 

•293 

HyJ 



293 

H, 

Wood 

1922 

*307 

H.\ 



•33 

hJ 





Shruni 

1923 

37 

Hi 



.36 

hJ 



•35 


The mean of several older measurements by distinguished 
observers, such as Michelson, Fabry and Buisson, and others, 
IS *298 cm.“^. It will be seen that while the earher measure- 
ments, including those of Gehrcke and Lau, and of Wood, 
gave a value of about -30 cm which is nearly 20% too low, 
Shrum’s results, obtained in McLennan’s laboratory, agree with 
Sommerfeld’s theory, and the separation has been measured 
for as many as five hues This excellent confirmation is all 
the more welcome m that the lack of agreement between the 
earher experiments and the theory was already being made a 

♦ The effect is further complicated hy the dectnc field in the discharge, 
which tends to produce a Stark effect. 
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basis for cnlirism of tin* tlifoiv,* in spilt* of llu* agit'cninit 
funiishod by ionisftl holium, lo whit'h wo rofor hitor. ■{ 

Wc have so far tacitly assumed that the initial orbits are 
sim])lo. I^'or a total {piaiitum immlior howovor, we slundd 
expect Ihreti ('lose (‘lU'rf^y h'vels, c.oiiospontlin{j; to differont 
wahuis of k ; for total <[uantum numhoi .|, four levels ; and so 
on. ICjich line of the doublet shtudd theiefon*, it appears, 
have a line structure of its own, owm;;; ttj mnltiplicily of Itivcls 
in the initial oibit To begin with, howevei, the corrt'spond- 
ence principle tsxcludes sonut of tin* tiansilions, since b t'an 
only (ihangt! by -t i or - 1 in a <{uantum switch. \ To the final 
orbit 2, we ('an only have a letuiii bom one initial oibit, for 
which k 2, .since k o is excluded. I'o Hit* final oibit 2j wc 
can only have a letiiin fioni an initial oibit loi which k i or 
k -3. That is, foi all hues ol the IJaliiiei senes we should 
apparently have a triplet when the stinctuic of the higher 
levels is con.sideied. 

It is clear, however, fioiii foimiila (20), that the eiieigv diller- 
cnces betwei'ii the vaiious levels coiiespoiidiiig to dilleient 
values of A foi a fixed vahu* of 11 become sniallei as « iiicicasi's. 
The wave mimbei difleieiice loi a given h between 01 bits lor 
which k 1 and k .5 is 


Ae,, A’/«a2 


It . i II 


or 


A(-„ I 52 

A.-a //» 3 , 


using (21) 


For « 5 Ai/„ •oSsAi'a , loi 11 7 Ae,, -opAra. 


• Cf. lu Luu, ** U1 k*i (ii<* iMiigctlfi I’ciU’itmUtiii dir.f'.i'walillfi Spt kti.ilhnit'n/’ 
Phys, Zeithihr. 2*), <h), 

t Since this was wiitton Shiuin's i(*sults h.iv<* Ihmmi % nti< l)\ I IdiiicUi 
(** Ober <lie Jijilninsfuc ties \Vasht‘ist«)!lh," Auu, ti, /V/vs/A‘. 76 , ‘)Oi, 
who considcTs that they aio vitmtrd I>v .i t <>( tfil.mi phshioloKit al anti 

pliot()gra])hic fat Itirs. As a rt^sult td •! iiu oi Shiuiirs |)iittl<)f,»iai)h.s 

with a photonudor fit‘o iiom suhjts tiv<‘ tdlft ts |aiU(Ki i(*(lti(*t“i Shium’s 
sopaiations for JIfi, Ily to Ar V).*, .pH irsjuu tivoly. (hi the 

other hand, P, 11 . van Cittcrt (“ Zur Mt'Shuiij; tlVi J'‘{*instiuktur <lcx WasstT- 
stofllmicn,” Ann. d, PJmtkt 77 , nij.s) oiituisos ('ichuko ami Lau's 
measurements. He holds tliat a noglecl of <*c‘itain positivi^ ooiitudioiis has 
led to all their sejiarations being too siuall. Still inon* rtToutly W. V. 
Houstoun {Nature 1 117 , U)2b) has luoasun^tl tli<* .s(*paialions with great 

precision ; his results arc //* i o-ooa, lip 1 t»-ot)5, Ify 0-353 t 0-007. 

X See Chapter XL, “ The Soloction 
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Hence for and H, the separation of two of the lines of the 
triplet is only 8 per cent, and 3 per cent, respectively of the 
doublet separation as calculated by considering the final orbit 
alone The separation of the lines of the theoretical triplet 
are shown in Fig. 38 for H, and J?,. There is reason theoreti- 
cally to suppose that the line shown strong in Fig. 38 is the 
most intense line. A fine structure of three components has 
not been obtained for any hydrogen line, even H^, for which, as 
we have seen, the separation of the two closer lines is greatest. 


V-> 

L— SWAVg 

< J-296A\>^ 




|l< 992 Av ^ — > 

- — i-ozzAsJ ^ — 



Fig 38. 

Theoretical fine structure of hydrogen lines Ha and 


This is not surprising, when the smaUness of the effect in ques- 
tion IS taken into account Hence what is measured experi- 
mentally IS the separation of a line representing the two lines 
on the left, unresolved, and the hne on the right In the case 
of the higher numbers of the senes, the two unresolved hnes 
are so close that it makes httle difference which part of the 
compound hne is selected for measurement in the case of 
if the measurement is made from the stronger line of the un- 
resolved pair the separation is smaller than if some point 
between the two hnes be selected Hence there is more un- 
certainty in the measurement of than of the other lines 
It will be noted that, in Shrum’s measurements, the result 
for shows the greatest departure from the theoretical value 
It IS interesting to observe that lor the Lyman senes the 
theory indicates no fine structure The final orbit is here 
smgle, since n = i, and so k can only =1. For each initial 
orbit only one value of k is indicated, for by the correspondence 
pnnciple A^ = ±i, and ^=0 is excluded. Hence there is 
only one initial orbit, n^, for each n, and only one final orbit, ij. 
No fine structure has been experimentally detected. 
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Wc turn to Uio am', of ionisod helium, where, since the 
eJCEcct in qxxestion is, from h>nuula {zd) or (zi), proportional to 
Z*, Gvidonce of Iho detiiils of liuo slTu<;tun! should be soinewliat 
easier to obtain, AKain, the hx'liuin atom is lanivier than the 
hydrogen atom, wlKiiiee a smalhir giis-kiiuitic velocity and 
sharper lines, ICveii in tins case of h<‘hum, howtiver, the pro- 
blem is one to ta,x: tlu' pow<‘rs of a skilled spcc.troscopisl, 

'riie detailed structure inis betm obscivctl with th<i h'owlor 
scries of ioni.stsd h«*lium, icpic,scnlcd l)y the, formuhi 



The liual orbit has a quantum uumbci .} : the initial oi bit has a 
quantum number 4, 5, 6, 7 and 8 loi the lines (»f wave-length 
4686, ;5203, 'zyx.\> '-^ 3^5 J<'spec.tivelv, 'I'lie 111104686 

should Iheiofore b(! a tiiplel, and. if all tiansitions weie per- 
mitted, each line of the triplet should have loiii <M>mponents, 
However, the selection pnneipU' (A/i- I 1) penuits only live 
lines in place of twelve, flu* jxissibh* Ir.insitiiiiis being 

I'ln.il Oxbit n' • s u | 

k' -3 < 1 k 

a ^ - 3 

i ^ - z 

r 

Actually Paschen, to whom wts owe tlu* mve.stif>atu)n ol the tine 
structure of the lines in question, has obtained, with a heavy 
spark discliarge, sevon compoiu*nts lor A,|(t8f>, of which two 
appear to be pairs of close lines, but with a <lin‘ct cuiicnt 
only six, two being very faint, 'riu* jiosit ion of the components 
agrees excellently with the values tlu*oieli(Mllv coinputt*d by 
Sommerfcld in the way <li‘scribed. The occ.uii(*n<'c, in fiu*bl(i 
intensity, of components forbi(l(l<*n by tlu* selection imnciple 
must be attributed to the beginning of a Stark ('Ifect ; the 
electric field is more powerful for tlu* spaik distduugit, which 
accounts for the new components whiidi appear with the spark, 
but not with direct ciiirent. The position of the lines is the same 
in the case of spark discharge as with direct current . The strong 




pL.vnc V. 


r. '/ - 


» 

<>; 


,ftr, 

4665 G 


I " * I 
3203 4 


l‘ n. I I It. 

MiU‘ Stiiu tint* III till* loiiisctl Ili*Imm i.tiM . .|nS(> .iiul ) 


I* H . 5 

Nt)iin*il /eciii.iii Klft i I (I) n.n I i 



Kill. 4 

Transverso Stark Kfttvi in Ilythnjfcn. (St.uk.) 
(The two hiK*h imlicatcd by uritrws jiu* gho.sl.s of II/j.) 
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components correspond in both cases to transitions permitted 
by the selection principle. Very good agreement has also been 
obtained in the case of the fine structure of A3203. Fig. i of 
Plate V. shows the fine structure of A4686, and Fig. 2 the 
fine structure of A3203, as obtained by Paschen with a helium 
tube of special construction excited by a 1000 volt accumulator 
battery. The former was obtamed in the 3rd order of Paschen’s 
large concave grating, the latter in the 4th order. Both 
photographs have been enlarged, but not retouched, for repro- 
duction : I A.U. is represented by 4 mm. for A4686 and by 
8 mm. for A3203. Of the six components detected for A4686 
with direct current five can be distinguished in the reproduc- 
tion : three plainly, and two with difficulty. The three strong 
components are representatives of the three groups due to the 
triple nature of the orbit of quantum number 3 : that at 4685-8 
corresponds to the transition 44 to 33, while those at 46857 
and 4685*4 correspond to transitions 43 to 33 and 42 to 31 
respectively, all penmtted by the selection principle. The 
three strong, easily visible components of ^3203 hkewise corre- 
spond to the three possible final orbits, the transition being, 
in order of decreasmg wave-lengths, 54 to 33, 53 to 32, 52 to 34. 

Paschen’s investigation of the fine structure of the hehum 
lines was carried out at the instigation of Sommerfeld, to test 
his theory of fine structure. The agreement, complete when 
the selection prmciple is considered, is one of the most brilliant 
confirmations of the quantum theory of the spectra of hydrogen- 
like atoms. 

The Method of Secular Peitorbations. For the cases of 
hydrogen- hke atoms with orbits of two degrees of periodicity, 
which we consider in the remaining sections of this chapter, 
we shall use the method of Bohr. We have to deal with the 
important cases (i) of a hydrogen-like atom when the relativity 
change of mass of the moving electron is taken into account, a 
case which we have already treated by Sommerfeld' s method ; 
(2) a hydrogen-hke atom in a magnetic field, the case of the 
Zeeman effect ; (3) a hydrogen-like atom in an electnc field, 
the case of the Stark effect. In all these cases we are con- 
cerned with a Kepler ellipse, which is a degenerate orbit of two 
degrees of freedom and one degree of periodicity, rendered 
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non*cU‘gcnomtt'* by n dislurbiiif' inlUicua! which introdtices a 
second of pcrioilicity. 'I'wo quuntum nunilicrs u^^ then 

rcqaiml. When Hie sei'oiul ih’qice <»i jUTiodicity is cluirac* 
tcriswl by n frequency small compared to that of the original 
degree of periotheitv. i.e. to tins fre{[ueiu'v m Hie imdisturbocl 
Kepler ellipse, Holir’s method admits ol <'ertain simplified and 
ai>proximale methods of solution which suHice for the type of 
probh'in in huiul. 

In celestial mechanics elliptical mbits on which are imposed 
certain very slow piogrcssiv<* cliangi's m the most geneial case 
in si/.e, shape and jxisition perioilic with a period viuy long 
compared to that of the motion m the undisturbe<l orbit, sure 
said to b<i suhn'ct to secular perturliations, and the same 
expression may be used in speaking of the class of atomic 
orliits uiuler discussion. The oibit of the hvdiogeii electron 
when the lolativitv collection is tak'ui into account is .such an 
orbit, e.xemplifymg a slow juogiessne change in lh(‘ position 
of the orbit. The ease when* tin* shape ol the oibit also under- 
goes a slow periodic change is illustrated l>v the Stark (‘fleet. 
An essential feature of Ifohi's method is that the lieipieiicy of 
Hus slow variation of the oiluf iiitiod ued i>v tli(“ distuibing 
field deteimines the additional eneigv due to the presence of 
Hus field. It may fie added that tfu* piolileiu, obMously, 
cannot be trc'atc'd by the method ol .idiahata mvaiiants, 
because the stationaiy .stales of the peitiiihed .s\stem have an 
extra (pumti.sing condition, compaied lo the iindistiii bed oihit. | 

Fundamental loi the method is the laet, ixuiited out by 
Bohr, that lor .systems sub|ect to a sin.il! ' sec ulai jieiluiba- 

♦Strictly spiMlvinjLj, we .sliouM sav It*ss smt t* a Ihinl of 

poriodicitv is possiblo loi an oibit in sp.u c. 

t Or, in olhor wouLs, it iihiy bt* sanl that toi .1 thanf»(’ in Ihi* iifltl to l>« 
adiabatic it must bo small (lining; a tniio in wUu li tlu* paitit lo hastoim* ikmi to 
every ix)int in tlu* two diinonsumal Md wlm h would be i ovciod b\ the paitulo 
when OKCcutiiig acompk'tt* ryt li* of its dihtuib(*tl motion. As tlu* dist in bailees 
arc made smalloi and suialler tlu* liiue wliu li must <*lapst' botoK* tlu* p«irtu'lo 
comes near to a point ehosen at random m tlu* iudd bet omes long(*i and longer, 
and when at last the motion biu'oines siinjdy pi*no<lu tins time bet oines minute, 
since the particle nevei leaves tho out* <‘llipse. lb*net* tlu* rate of ehangt* of 
the forces for an adiabatie transformation in this east* is inlnnt(*ly slow. 

I The secular pertuibation is small when k, tlu* ratio o! the eNtt*nial disturb- 
ing forces to the internal forces, is small, 'riio result is true, neglecting 
quantities of the order k\ 
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tion the additional energy Ejg,, due to the work done by the 
disturbing field on the particle during the estabhshment of 
the field, is equal to the mean value of the potential of the 
disturbing force taken over a period oi the motion of the un- 
disturbed state: Expressed in symbols, if 0 be the potential 
energy of the disturbing forces, then 

{22^ 

The cycle of changes which the orbit executes does not 
depend upon the magnitude of fl, which merely governs the 
rate at which the cycle is executed, t.e the new frequency cap. 
The potential of the particle with reference to the external 
field wiU, in general, vary with the time during a period, but 
its mean value over a period will be constant. These are 
results which Bohr has deduced mechanically : they will here 
be taken as proved 

We may call the energy of the particle, apart from the 
potential energy due to the disturbing field, the internal energy 
of the system. Since the total energy of the particle must be 
constant with the time for a given field, from the conservation 
of energy, it follows that the mean value of the internal energy 
does not vary with the time, and also, since the additional 
energy depends only on the magnitude of the field and the 
undisturbed motion of the system (to the approximation con- 
sidered), that this mean value does not change when the field 
changes. It is the external potential which changes with the 
field 

We have stated that the additional energy depends upon 
the frequency of the penodic disturbance introduced by the 
disturbing field We now proceed to consider this point a 
little closer, by examining what simplification can be intro- 
duced into the general equation when the second periodicity is 
produced by a small disturbance of a degenerate system 

For two penodicities we have from (10) the general condition 

dE -co^dJi +coz <5/2, (loa) 

where dE is the difference in total energy, and dJi, dj^ the 
differences in Jx and J^, between two near orbits of the kind 


A S.A. 
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characterised by the tn‘qu(‘Jirics and (o^. In a dtsgencrate 
system we have trom (7) wi- ■sw2, where ,v is a whole nmnher.* 
Using as coordinates of the degenerate ciirvt' r and 0 , wc have 
from (ii) 

a>sJ- 


pgtlO Kwa© 


whore / is the whole action in the <legeiu‘rale syst(‘m, since the 

frequency of the degenerate motion will be the h*sser fre<ixicncy, 

and hence , „ 7 , 1 

./•••Vi I./s. 


where /j is the generalised monn'iituin coirespoading to 0 . 
We c.an write (10) in the fonn 

l■(w, -s<'>2)<)./i (■i.'i) 

where now toj is the frequenev corresponding to 0 . In the 
undisturbed, degencnitc state eij the disturbed state 

(oDi-siUa) differs from zero bv a small quantity which expresses 
the frequency of the slow variations whu-h tlie orbit uiulcrgocs 
in consequence of the disturbing field. We shall demote this 
frequency by 

^ (Oj, 


Now consider various states of the perturbed system corre- 
sponding to a state of the undisturbed system loi winch 

7-----''/i 1-72 

n being the principal quantum number, by definition For any 
two neighbouring states the diflerenct* ol / 

-<V--S(^7, l<V2 

since the motion in a stationary state of a pert ui bed system 
differs only slightly at any moment from the motion in the 
unperturbed system. Hence, if the energy of the perturbed 
system =£„ +Ejf, where l^,^ is the energy in the state of the 
unperturbed system for which 

J-nh, 


For instance in the Kei)lc‘r ellipse / I /o, simt^ v and 0 ('om})leic a 
cycle together, while in the case of an clhplu orbit with the atliiU'tinf? body at 
the centre of the ellipse, which is well known to be th<* case whtni tlu* attrac- 
tion vanes directly os the distance, J >J ^ i /^j, since tli(» ladius completes a 
cycle twice while the angle does a cycle once. In the most genexal case 
where Si and *2 ii***-' whole nuiubors, bnt the above is assumed 

lor simplicity. 
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then from (23) 

dEjg, =0)^ dJi (24) 

Ji is, of coarse, the angular momentum of the electron m its 
orbit, as distinct from J, which is the total action, and includes 
the radial part. In our application of (24) we shall therefore 
require to find the angular momentum. 

Equation (24) is fundamental for the treatment of perturbed 
systems. It connects the energy due to the disturbing field 
with the frequency of the disturbance introduced by the field. 
If there be more than one kind of disturbance the formula can 
be shown to be »-i 

~ S ^Jf '> 


but this generalisation will not concern us here. 

Fine Stractoie by the Method 0! Perturbations. We proceed 
to consider the way in which the method of perturbations 
can be made to give the fine structure of lines for a hydrogen- 
hke atom. 

In discussing Sommerfeld's work on this subject it was stated 
that the effect of tlie relativity change of mass is to make the 
penhelion rotate at such a rate that the angle at which r attains 


its maximum value advance by 23 t{^ - for each revolution 
of the electron in its orbit, where 

of a complete cycle, « e when the orbit has returned to approxi- 
mately its original position, the angle will have advanced by are, 

while the electron has made 23 E/ 27 ef- -i ^ revolutions 

' \y / I - y 

Hence the frequency of the motion of perihelion 


= Ct)j 



(25) 


neglecting squares and higher powers of small quantities. 

Now such a rotation of penhelion can be produced with a 
particle whose mass is not a function of the velocity by adding 
Ze^ A 

to the central force an inverse cube term and by adjust- 
ing A the rate of rotation can be made the same as in the 
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relativity cj\st>. 'Plus am easily bo slK)wn from the theory of 
the central orbit. Start inff with the standard ccpiation 


ti^u m 

I II- - <>. 
dO^ fivr 

where and P is the central force, we have 
r 


dhi 

dm 


III / . 

71 - I /I 


•f«l 


o. 


1 lencc 


or 


I (Pit y.t^m 

~ ~Am' dp'"' !>> .Im“ 


71 ■■ 


Xi'hn 

p'^-AnP 


a (•( »s 


(' 


■'”>) .0. 


u 


I 

r 


Zeh}i I 
/>« 


I « cos ( I 



where « is an aibitrary constant 
To make this give the same fretiucncv ol rotation of iicriliclion 
as obtains in the rotating orbit, we must put 


Hence 




W/f2 


We wish to treat the problem as the ease of a degenerate 
motion, of one degree of piTiodicity, slightly disturbed. If wc 
impose on the orbit in which a relativity change' of ina.ss is 
making itself evident an inverse cube term of tlie magnitude 
just derived, then wc shall annul the ndativily motion of the 
periliclion, and have an orbit of one ilcgroe of penodicity. 
The shape of the orbit is not, however, left unaffected, although 
the period is, and the moment of momentum no longer bears 
the same relation to the energy as it docs in a simple Koplcrian 
ellipse described under the inverse square law alone, .so that the 
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quantum condition is modified. The energy of a stationary 
state of this system can be shown to be 

which, of course, involves one quantum number, n, only. 

This expression is derived most simply by considenng a 
circular orbit, with inverse cube terms and relativity effect ; 
since we have an orbit of one degree of penodicity the result 
obtained for the circle will have general validity. The equa- 
tions for the circular orbit are 




v^_Z6^ I 

' r~ r* 


(equation of motion). 


^ — (quantising equation), 

(j;_^ 2)4 25t ^ 

since the relativity mass=w= 

(i-«* 

Further, using the relativity expression for the kinetic 
energy, 

total energy=F= 5— • i 

r 2cX \(i-i8®)* / 

We are considering an approximate solution only, since we 
are going finally to apply the method of perturbations, which 
only applies if the ratio of the disturbing force to the internal 
forces IS small. We shall therefore neglect in the final result 
for the circular orbit higher powers of ^ than the square. To 
this approximation, remembering i;=/Sc, we have 

= (I) 

/t _ r m.,ch 


2cX 






(i-iS®) 


J . /ffcr = mo/5cr (i + 1/?2) = ^ , 


1 ZTtnif^cf} 


i^+m (3) 
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I'rom (j), " ' (■ 1 m 


nil ’ ' C‘ 

This gives, to ojir order of approximation, 

I j ^f) 

H \ " J 

Z(U 


or 


v*» •> 


en’O' 


where wo have put a- , as we did eailier (p 

„ /V 1 'Znm.fiZa, ■zum.^tZa 

hrom(3), (I 


Total energy ~ - 


Ze^ Z^c'^ r 
/ zdhHn 




ZWm„ Z^t^hu,, 
«2 



h „.t j 


1 Zhi^chn^/ 

2 «a \ 


1 

' •• //O 


i7r“-5fVK 

hhi'’^ V 



as required. 

If we now remove the mvciso cube field we shall have the 
true case of the relativity effect. To do this we havt‘ to add 
an inverse cube term oi opposite sign, which gives us the case 
of an orbit of one degree of periodicity pe-rturbi'd by o small 
force. We know that the additional energy in such a case is 
given by 


dE^szoijfdJp. 


(24) 
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/j, wlddi is the azimuthal J, is given by the Jg for the un- 
disturbed system, or 


since the modification of Jg caused by rotation of perihelion 
will affect to the second order of small quantities only. 
Hence, using (24) and (25), 



But 


. IT 2 I 

P-^92. 


and the quantising condition for J^is J^=fih ; 

_ SjthnZ*6^ X 

_ RZ^hc i 

~ nk ‘ 


Adding this to the expression for E', the energy of the orbit 
of one penodicity which we have perturbed, we have 


E=E'+E^=- 


RZ^hc ( 7e®ZM, 

V* 






RZ^hct 


\ n 


where a= , as before. This agrees with the formula {20) 

hfO 

derived by Sommerfeld. 

It must be noted that this formula is an approximation only, 
just as formula (20) is an approximation, derived from (19) by 
neglecting the fourth power, and higher powers, of aZ. When 
greater accuracy is required, as in applications of the formula 
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to X ray spi'ctta, when* / inav l>u hir^o, SoinnitTfoUrs full 
fonmila must bo iiswl. 

The Zeeman Bfleci Zooman’s ot'lobrutod disooviny tluit a 
inagnolio Hold iuIliiono«>s tho spootial oharuotor of tho light 
omitlod by atoms in its noighlxmihood not only piovidwl tho 
first oxpoiinu'ntal iiulioation that light is gt'iuTjitt'd by the 
movomont ol sitomio oloottons, but has ovor sinro allot dod one 
of tho inosl uniioitiuit giiidos in all spoo.tnil thooiios. Wo shall 
iiavo to spoalv of tho Inuisvoiso and of tho longitudinal Zooman 
offoot. It may tlu*iofoio bo loo.illoil tluit tho formor lofors to 
tho ajtpt'iiTanoi! of ti givon spootr.il lino whon tho obsorvor looks 
along a diiootion at right anglos to tho niiignotii' hold, wlnlo 
tho lattor lofors to tho ajipt'aiiiin'o whon tho obsoivor looks 
along tho linos ol nuignotio loioo 
Wo. must now <listingm.sh hotwooti tho not mat iiml (ho tuioma- 
lous Zooman olloct. Ttiking first tho normal I'lloct, whioli is 

of ooinpaiatu’olv mro oooiiiionoo, 
in till* longitmlinal <'aso tho singh' 
liiU' IS loplaood by a oiioulatlv 
polarisod doiiblot, llu‘ two linos ol 
tho doiililol being ]>olaiis(‘d m op- 
posite diK'otioiis, and svinmotiioally 
disposed about (ho position of tlu* 
oiiginal lino. In (lie (miisvoiso o.iso 
wo have a piano ]>ola used tiijilot, (ho 
oontral lino ol (hi‘ tiiplot (oiiKiding 
III po.sitioii with thooiigin,il lino, and 
tho othoi two lu'ing .synmiotnoally 
phu'od 'I'ho vilnatioii in tho ease 
ol the oontial lino is paiallol to tho 
linos of foioo of tin* niagindio field, 
m tho othoi two linos at light angles 
to the linos of fotet*. 'i'ho (‘flocts 
aro diagnunmatically loprestmtod in 
Fig, 3(), The trausviTso and longi- 
tudmal effects arc, of course, not two dillcront modifK'utions 
of the behaviour of the luminous atoms, but different ways of 
looking at the same luminous atoms with rospi'o.t to the 
direction of the magnetic iiold, tlie appeal ance varying with 



Direction of 
observation 


y 


H 


Direction of 
observation 

VlG . 31J, 

Normal Zoemaii elloct. 
Above, longitudinal clloct , 
below, -transverse effect. 
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the direction of observation. For instance, on H. A. Lorentz’s 
original explanation of the effect, which, in accordance with 
classical electro-dynamics, attnbuted the light emission to 
electrons executing periodic motions with frequencies equal 
to those of the observed light, the central line in the 
transverse effect is due to an electron vibrating parallel 
to the magnetic field: electrons executing such a motion, 
which are clearly the only ones whose periods will be unaffected 
by the magnetic field, will not emit any radiation in the direc- 
tion of the Imes of magnetic force, so that in the longitudinal 
effect the central line is missmg. Fig. 3, Plate V., shows the 
normal Zeeman effect m the transverse case, observed through 
a polansmg prism, set m one case parallel to, in the other case 
across, the direction of the magnetic field (The upper picture 
corresponds to electric vibrations parallel to the lines of magnetic 
force, the lower one to vibrations at nght angles to the hnes.) 
In general it suihces to consider the transverse effect, since the 
longitudinal appearance can be deduced from it. 

The anomalous Zeeman effect is characterised by the appear- 
ance of a greater number of components than three. The 
normal Zeeman effect is shown by hydrogen hnes and also by 
smglet hnes in other spectra, such as hnes of the singlet series of 
cadmium, of which the line ^=643871 A.u. shown in Fig. 3, 
Plate V , is one, although in the case of these singlet hnes the 
simplicity is rather adventitious tlian mherent, as will be seen 
in Chapter XV. The anomalous Zeeman effect was long 
without any quantitative explanation, but dunng the last few 
years the various phenomena have been explamed, or described 
rather, by the help of additional quantum numbers. Considera - 
tion of the anomalous effect is postponed to Chapter XV. ; 
it IS mentioned here merely to warn the reader that the theory 
about to be developed is of application only to the simple case 
of the normal effect. In the case of both normal and anoma- 
lous effect the shifts are accurately proportional to the strength 
of the field * 

It may be mentioned here that the normal effect was explained 
many years ago by the well-known theory of H. A. Lorentz, 

In the case of the anomalous eHect, so long as the held, is not too strong. 
Cf. the discussion of the Paschen-Back ellect m Chapter XV, 
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already niunlioncd. It is mwv'sssiiy now to show that it can 
be oqitally well cxplaiiu«l on llio quantum tlujory. We 
restrict ourselves hero to the case of the hydrogon-liko atom, 
as throughoiit this duipter. 

Tlic quantum exphination gmtn by Bohr rests iipon tlie 
method of perturbations, taken in conjunction with a theorem 
of I-armor's. I'liis tluiorcuu* states that the effect of a magnetic 
field 11 on a system of electric <'harges i (evolving round one 
anotlicr under their mutual forccis is siin])ly t(j imposes on the 
undisturbed motion of the systtun a rotation with angular 
cll 

velocity around the dinsetion of tins licsld as axis, e- being 
zme ® 

measured in electrostatic an<l // in ehsctromagnctic units, f 

ell 

Instead of the angular velocity a wis geneially use the 

frequency (01,= ^= . 

zn 43rw/c 

The Larmor precession is lepresented diagraminatically m 
Fig. 40, where the upper circle represents the path of aphelion, 
the lower the path of peiihclion. 

* AeihcY and Matter, p. 341. Phil Mai * , 44 , 503, 1897 

*1 The theorem is easily iiioved m the simple tase wlieio the magnetic 
held is pczpcndiculai to ihc jilnne ol the 01 hit I.et tlie inagnidu held bo 
along the axis of z then the ('(piaiions <>t motion oi an (dtM tion an* 


- 

mi! I 


eJi 

0 

ell 

c 


// 


-V. 



. (A) 


A" and Y being the coiupoiieiits of the font's, tint' to th<‘ ])i(*s('m(' ol othei 
charges, acting on the electron. Mow li we lelei the oiigin.il motion, without 
magnetic field, to axes lotating .alxnit z, a bt'ing tlu* angular velocity of 
rotation, wc have 

-2aw/?-wva'- A', | 

nu/ t-2awj* -w^oc*-- Y. i 

eH 

If we put — =2aw equations (A) and (Ji) bee.onu' ichmtieal t'xee])t for terms 
. eH 

m a®, which are negligible, since ^ binall for any practicable lield : in 

other words, the added velocity due to the rotation xs small compared to the 
velocity in the orbit. We see, then, that a rotation of the angular velocity 

sff 

— IS equivaJLent to Uio eflcct of tho magnetic field If. 
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The eflect of a slow rotation of the plane of the orbit on an 
orbital motion of original frequency co is to introduce new 
frequencies co±.o>a. For suppose the axis of z taken along 

Field 


I 

A 



the magnetic field, and that the x and y components of the 
original periodic motion be written, as before, 

^=2C^cos(2reTwi+)/J,'i ,^6) 

17 = SB, cos {2nr(ot + /S,) j 

Owing to the rotation, with angular veloaty 2 tod^, of the xy 
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frame of reference, any hannonie coiniHnu'nl of tlu* \ i'oonliuiite 
becomes 

C^cos [inrtot l-yj cos 23 Pre),^i 

-i#^«;os sin 27Tti)j,l 

siAf^cos (2jr(T(()-| I /i^} I N^coa {'23 i{t(i) o)„]t i i^}. 

where M^, N^, ft.^, arc; lr<‘sli constants, easily obtainable 
in terms of (\, y^, //, by simple trigonometry. SiiniUirly, 

the T constituent of th(‘ v ('<H>r<linate Ixs'cnnes 

V~Af,sin (a5r(Tft)+ej/,)/ I //^} -IV^cos [2Tr{r<n 1-jv}. 

Hence the hannonie of frcipiency to of the elliptic' vibiation 
expressed by (26), wbeui (\ / is replat'ed by two ('iieular 
harmonic vibrations, of (lifieK'nt amplitude's, oiu' of wliic'h is 
of frequency to) i o>//, while tin' otlu'r is ol fieqiiencyTo 
while tlie lotation is in o])[)o.site diu'ctions. Usinp llohr’s 
notation, by which the constant coiu'sponding to tiu' value 
TW+O/; is written ,1, and the constant coiiesponding to 
the value rco-tou is wutten (\^ ,, wo may suinmanse this 
result by saying that owing to tlu' suiierposed lotation the 
motion becomes 

't, 1 1 { 2w(t<i) j o>,i)t -\- yr.il] (27) 

with a similar expicssion tor »/. 'riu' iieriodicity of C *'<1 <>t 
course, unaffected by the magnetic lield 
The transformation ol (2O) into (27) as the le.sull ol the suiiei- 
position of a rotation of ficquency <i>jj on the peiiodu' 01 hit ol 
frequency ro is of vciy great importance lor the geiu'ial llu'oiy 
of spectra, and will he usc'd m ('haptc'i XI 
The result of the magnetic lield is, then, iieglccling (iiiautitii's 

of the order > fo make of the simply ju'i iodic 01 hit an 

orbit of double periodicity, with the fundamental frequencies 
CD and cog. We tlierefore have two quantum conditions 

J=nh, Ju=njih, 

and also dEg =(Ogd Jg. 

Now this mtegrates at once, for is, wc have .seen, inde- 
pendent of Jg, and the constant of intcgintion zero, from the 
conditions. 
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Hence E=E^+oisJ^ 

27fiZHhn I h^H 

A® 

= -W 


and 


(W'-W) 

he 

2j^ZHhn ( I 


CA® 47W»C“ 

where the second expression on the right-hand side represents 
the difference of wave number between the original line and the 
components occasioned by the magnetic field Since and 
can have any whole number values, it might be supposed at 
first that our theory would indicate as components in the Zee- 
man effect lines whose wave number difference was any whole 
eH 

number multiple of — — • The correspondence pnnciple, how- 
ever, shows us that this is not so According to this principle 
a transition such as that denoted by (28) is conditioned by the 
presence of a harmonic component of frequency («'-«)(u + 
(»'// - (Ojj in the expression (27) for the electric moment of 
the orbital motion of the electron Now, whereas we have in 
(27) all possible frequencies tcw, where r is any whole number, 
we have as multiples of the frcqiu'ncy only i and -i. 
Hence, by the principle, only transitions for which 4.1 

are possible Equation (28) must therelore be interpreted as 
follows : the result of a magnetic field H is to give in place of 

a line of wave number ZHi two lines of wave number 

''n'S n^/ 




eH 


[n'a-nH), 


.(28) 




cH 


4jr;«c ^ 


Since the components of the moment which have been con- 
sidered in deriving this expression were normal to the direction 
of the field the two lines will be plane polansed if the direction 
of observation be normal to the direction of the field : on the 
other hand they will be circularly polansed in opposite direc- 
tions if the observer looks along the lines of magnetic force. 
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as can be seen by considering tlvo argument preceding equation 
{Z 7 ). Tliis deduction illustiuba the application of the corre- 
spondence principle to qiKsstions of jxdarisation. 

llxc ^ componcul has not yet been considered : its frequency, 
as was pointed out, is unaffected by the field. On classical 
theory a vibration along tlui z axis will emit no ladiation along 
that axis, but will send out a idauts ]M)laris('(l ladiation along 
any line in the xy plane. Hence, by tlie corr<j.spondence prin- 
ciple, we have, in addition lo the two c.omponenfs nu'ntioned 
above, a plane polarised component (whos(j ])lan(! of polarisa- 
tion is at right angles to that of the othei two c.omponents) 
for transverse observation, but no additional convpoiuiut for 
longitudinal olxservation. 'I'he quantum tbeory, with the help 
of tlic corre.spoudonce ])nn('iple, fuim.shes, thendorc, a (‘oinjiletc 
explanation of the normal Zeeman ('fh'ct. 

We have already mentioned that an explana tion of the elfect, 
based on classical electrodynamic tlu'oiy, was turnislu'd by 
H. A. Lorentz at the end of the last ci-ntui y Accoidingly we 
should expect the expression for tlu* disjilacc'uu'ut oi the com- 
ponents to be free from quantum constants, and it naiy he 
noted that this is the ca.se, h having divided out m the second 
expression in equation (28) 

The Stark EfCectr. In contradistinction to the case of the 
normal Zeeman elfect, the Staik eflcct ol an electric, held on 
spectral lines, discoveied by Johannes Stai k in iqrj, cannot be 
satisfactordy treated on the classical llu'ory • its explanation 
is one of the triumphs of the quaiilum thcoiy. 

The experimental dilliculty, owing to which the discovei y was 
long delayed, of establishing the elfei't, is due to the fact that 
the spectral emission usually lakes place in the picsenc.c of 
strongly ionised gas, which is too coudiicling lo allow the 
establi^ment of tlic necessary strong clcclnc field. The canal 
rays, however, may he made to pass in a low vacuum, where a 
special disposition of electrodes enables the cfTcct to bo obsci vcd. 
The arrangement adopted by Stark is shown in Fig. 41. AA 
is the anode : close behind the pierced cathode CC is placed a 
parallel plate FF. Between A A and CC is established the 
field whidi produces the canal rays passing through the holes 
in CC ; between FF and CC the field which produces the 
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Stark effect. The distance of FF from CC is about 3 mm. or 
less, and the gas pressure such that the length of the cathode 
dark space is several cms. In such a case a very large potential 
gradient can be maintained between FF and CC without a 
discharge setting in, since the mean free path of the ions is 
much greater than the distance between the plates, and so 
there is no cumulative production of secondary ions by collision. 



Spec/’roscope 

I'lG. ^1. 

Expenmental arrangement for obtaining the transverse Stark effect. 

The closeness of FF and CC is a necessary condition for the 
success of the method.* Shortly after Stark announced the 
discovery of the effect Lo Surdo showed that the effect could 
be observed in front of the cathode, where the canal rays, 
accelerated towards the cathode, pass through the strong field 
which exists between the cathode and the negative glow (the 
region of the well-known cathode fall of potential) . Lo Surdo ’s 

* Professor R. W. Whiddington, lecturing in May, 1925, at the Royal Insti- 
tute on the discharge of electricity through exhausted tubes, showed an 
experiment which illustrates admirably the fact of which Stark took advan- 
tage. A tube, actuated by a very steady potential difierence, was furnished 
with parallel plate electrodes, the distance between which could be gradually 
varied without disturbing the pressure of the residual gas in the tube. When 
the electrodes were approached so that the anode came within the edge of 
the cathode dark space, the discharge went out. 
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method has tlio udvantuKo that tlw* sp<‘(’,tial c’inission is of 
considerable intc'iisity, but it is not so well adai)t(!cl as Stark’s 
for quail lit at ivt! work. 

Just as with tlu! Zeenuiu (‘iTect tlieni is a lon).>itudiual and a 
transverse Stark elfecL 'I'lie arraufienient of I''i{'. 41 is adapted 
for the observation of the transveise (‘Ih'c't, for wliich the 
diieclion of observati<»n is lujnnal to the dneetiou of tlie 
eleotrie lii'ld. 'I'he longitudinal is not so inqiortant, 

agiiin as in the casi! t)f Zeeman siue<! in tlu' tiansverse 

ciTec't we obsi'rvi* liglit eoiresponding on tlu‘ eiassiial theoiy to 
vibrations both paiallei to and aeioss the Urn's of eleetiie foiee, 
whereas in tlie longitiuhnal ease we obst'iveonlv light eoire- 
.sponding to vilnations ai'toss llie liiu's Stark has, howevei, 
obtained the longitiuhnal elb-et bv the special (lis|)osilion ol the 

aiaide lepreseiited m b'ig 42, 

I wIiK'b IS sell eKplan.itoi y 

, 111 the ti.insvi'ise ease 

I the eouipoiieiits aie linearly 

iiol.iiiseil, some, llu' so-e.'illed 

J ^ GtUHtl fioL* t J j 1 J 1 

r/rw ' I ' roinpoiM'uls^ at 

Ifw/Z/Iiryip W/ riz/Hi (o tlu* IH‘1(1 , o(1h‘IS, llui /) 

- “ < oini)<)!U'nts, ])cii,iII(*I (o it 

I '’ j| in tin* l()n.«;itii<lin«il (.is(‘ 

1 lluM(* an* only iinpoLii is(*(l 

I* roini)()in*nts, whn li (onn'nh* 

ICxiH'iiiuenlal an.uwMurul f..i <,W ,„,si(l(.n With tlie .s com- 

tlu^ loUKitudin.il Slatk rlltM t. ' 

jMMUiits oi till' tiansv(‘is(‘ 

ease. These, h'altiies aie iei>iesente<l diagi.imniatieallv m 
Fig, 43, whieh lepie.sents the elle< 1 m th<' ease ol the hydiogeii 
Imo //„ m a very strong held, h'ig 1 1 ('\hibils the transver.se 
effect, which, as (‘.xplamed, inelndes all the mfoimalion, foi 
//a and //^, .S’ and p eoiniionents being .shown si-paiately. 
The lengths of the lines in this figiin* reiire.sent the int<*nsities 
of the components, h'ig. 4, Plate V., shows the actual photo- 
graphs of the transverse elfoet in this fii'ld for llu! hydrogen 


ja.11 

V-j 

\(vNio 


GutHti Ratf I 


.V// tjf itfMthok 


hnes f/p, 11 ^, Ilg, the uppermost part of each jiictuie showing 
the p component.s, for which the electric'al vibration is parallel 
to the field, the middle part the components vibrating acro.sa 
the field, and the lower part the unresolved line without field. 
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To explain the Stark effect we have to consider the nature of 
the perturbation of the elliptic orbit brought about by a uniform 
electric field. Unlike the case 
of the relativity correction, of p 

the Zeeman effect, and the case, 
to be considered in the next 
chapter, where a symmetrical 
distribution of electrons round 
the nucleus disturbs the field, * I i 



Dtrschon of 
otservahon 




Fig ^3- Fio. 44. 

Transverse and longitudinal Stark Experimental transverse 

cllect contrasted transverse effect Stark ettcct for Ha and 

above, longitudinal below. lines 


the force is here no longer a central force, and the disturbance 
IS correspondingly more complicated We shall take some of 
the results of calculation for granted, and indicate in outhne 
the method by which Bohr has treated the problem. 

It is necessary first of all to consider what is known as the 
“ electrical centre " of the orbit, i e such a pomt that, if the 
electron were permanently fixed there, the value of the potential 
energy, due to the external field, would be the same as the actual 
time average of the potential energy when the electron describes 
its orbit. As usual m the method of perturbation, to a first 
approximation we can, for this purpose, take the orbit as being 


A.S.A. 


R 
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truly cUiplical, althoxigh it is actually disturbed, ('onsidera- 
tions of symmetry show that the electrical (centre must lie on 
the major axis : let it be distant d from the mieleus, the occu- 
pied focus, and lot qi be the anglt^ which the maj<;r axis makes 



'1 ho 01 bit m tho Staik ollot 1. 


with the axis of z, winch wo take as tlie (liiei’tion ol the electric 
field, strength F. J<ot r, 0 be the ])olar ('oordinales of the elec- 
tron in the plane of the elliptic oi lnl. 'riitm if T is the undis- 
turbed period of the motion in tlie ellipse, by delimtion of d, 
average potential energy — ip -J'c d cos 

=,pf cFzdt- ,^r cFr cos 0 qi . di 

jJfl />'(» 

1 f*’ 

s=c2’' cos q) I r cos 0 . dt. 

1 Jq 
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If u is the eccentric angle, measured, hke 0 , from aphelion, and 
n he the mean angular speed with which the radius vector 
rotates, then 

r cos 0 =a(cos U'j-e), nt = € sin u -\-u 


and 

Hence 


n dt = {T+e cos u) du. 

I P* 

y) = eF cos q) «(cos -h e) (i4- e COS u)du 


^eF cos q>— a^ne^eF cos 9? (29) 

so that d=^€a, 

or the electric centre is on the major axis midway between the 
centre of the ellipse and the empty focus. 

By the general properties of the orbit subject to secular 
perturbations, as -described on p. 241, y) must be constant 
throughout the motion, so the electric centre must move m a 
plane z=^a€ cos <p normal to the direction of F, Further, 
the additional energy due to the disturbing field is equal to the 
time average of the potential energy due to the field, or, if Eq 
is the energy of the undisturbed elliptic orbit, and the value 
of a, given by equation (9) of Chapter IX., be substituted in (29), 


total energy =£"0 + = 


STt^Zem 


F € cos q> (30) 


Since this is not to vary with the time, the orbit must move so 
that e cos <p is constant, but e and <p may change with the time. 
This is not, of course, the final solution of our problem of the 
total energy, since we have not yet seen how to quantise cos 97. 
We proceed to introduce the second quantum number. 

The actual movement of the ellipse has been worked out by 
Bohr. Let NN' be the nodes, where the orbit cuts the x, y 
plane through the nucleus S. The line NN' will rotate, while 
at the same time the perihelion P librates about the line SR, 
perpendicular to NN' and in the plane of the orbit. For one 
revolution of NN' there are two vibrations of P. The eccen- 
tricity and the inclination 9) of the orbit both vary, but the 
electrical centre C maintains a constant distance from the xy 
plane. It is with the periodic motion of this centre that we are 
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concerned, for its period is the secular period which is connected 
with the additional energy in the way whieJh has been utilised 
in the other secular disturbances which we have considered. 
This motion is simply periodic in a closed ellipse : the secular 
motion is therefore degcncnitc. The frequency t\inis out to be 
independent of < and <p: it is given by the expression 

3 «/*' 

f'V- a 

2 4nvHa(i> 

;}/*' nh 

HTihit Zc ’ 


Since the additional I'.ncrgy due to the <‘loctnc. held and the 
secTilar period are connec.totl by the equation 
and (Oy is independent of J j,, we have 

,, , , 


Since 

or 


J jii~ lui]/ 

i . \h'^F 

V>nhHcZ 




liefore Jhihr worked out the method of iiertui ballons this value 
lor the energy was obtained independently by K. .Schwa izeluld 
and by 1*. lipstein, who used the method ol sepaiation ot the 
vaiiables * 


* 'Laki* a nimthan i)lano IIuoukIj thr s axis as 'v iilaiio, and tako as the 
thud t ooidmate tlu* a between this ]>laue and some, lived meiuliau ])lanc. 
Then the jiaiaholic (ooithnates f^ivc^n by 

y ^ -1(5’’- >/■’) 

cllect a separation ol the vaiuibles foi so tliat thn Sonuneileld- 

Wilson conditions 

f Ai? ">i* 

can bo applied. 'I'lie angular nionientuni about which is constiuit, m given by 

f2ir 

pa • 

Wc have thus throe <piantiini numbers >iy^ only two appear in (31) 

because the problem is degenerate, owing to th<» iaet that tlio motion ol the 
electrical centre o£ the orbit has only one ])cnodicity Xor two degzccs of Jlrccdoni. 
li in (31) we put 

W'-nj-i- nyf-^ W(i 
npssnyi 

we get the result in tlxe form in which Schwarzchild and Epstein gave iU 
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Comparing formula (30) with (31) we see that 

ecos q>=nnp 

flrp 

or € cos ^ 

n 

so that f = ^ae cos 93 = -|a ^ . 

The distance of the electrical centre from the plane through the 
nucleus perpendicular to the electric field is quantised to be a 

whole number multiple of where is the major axis 

of the ellipse of total quantum number n, ^ is the 
maximum possible distance of the electrical centre from the 
nucleus, corresponding to e = x, and 9 = 0, when the motion is a 
straight line through the nucleus. This case, in which np = n, 
is therefore excluded. The electrical centre of the orbit may 
clearly be on either side of the xy plane Hence we conclude 
that fip can have the values o, ±1, ±2, ... ± (n -x). 

For a given spectral line equation (31) shows that the Stark 
components are given by 

A.-I (W - ») .5^ (3a) 


when n' and n are fixed. Before applying this to the experi- 
mental observations of Stark on hydrogen we must consider 
the question of polarisation, on the basis of the correspondence 
principle, that is, we must discuss the nature of the new 
periodicities introduced into the orbital motion by the periodic 
rotation of the electrical centre of the orbit. Let us refer the 
motion of the electron to axes through the nucleus rotating 
about the z axis with the frequency cop of the motion of C, the 
electrical centre, but with uniform velocity. Thus if the 
rotating xz plane contains C initially it will contain it four 
times in every complete revolution, or the motion of C de- 
scribes an orbit with frequency 2 €Op with reference to the 
rotating axes. The motion of the electron in the orbit will be 
doubly periodic, with frequencies a>i and a>2, where C0i= mean 
frequency of revolution of the electron in its orbit referred to 


the moving axes, and 


(33) 


C02=2C0p 
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This motion 04in he expressed in a Fourier series, as on p. 222, 

The motion relative to the origimil lixed axes is obtained by 
supei'posinff on this in a contrary sense the uniform rotation of 
frequency ov with which we endowed the moving axes. We have 
seen the effect of .such an added uniform rotation in considering 
the Zceimin effect : there results a stiries of linear hamonic 
vibrations, of frequency TjCOj + panillel to the axis of the 
unifonn lotation, i c. thes z axis, and two series of circular 
harmonic rotations in the xy plane of frequentues 

(tjWji and (rpOi I Tg»;>2 -«>>). 

This cxpresscis the motion in terms of the fiequency (Oj, of the 
electrical centre, and the mean frequency of the elc('.tron in 
the nearly closed orbit which it describes with refeience to the 
rotating axis. 

Now, the motion can also be expressed in terms of the fre- 
quency of revolution o of the election about the z axis, and of 
the frequency a>p: hcie 

(0 !i=(Oi + (Op or ft) - 0)^ - «)/, , (34) 

from the definition of o)j, according as the eh'ctiical ('eiitic 
rotates in a direction the siinic as, or opposite to. that of the 
electron in its own orbit If wc write 

cos { 2jr(Tft) -1- + d,, } 

for the periodic change of the ^('ooidinate perpendicular to the 
z axis (and, of course, a similar expre.ssion dilfeimg only in 
the values of 1 ) and d for the coordinate) we have therefore 

Tft) + Tp CO;, = T, eOj + Tj 0)j., 

which becomes 

Tfl>i±Tft);j.+ T;, = T; ft), 4 2ft);,- "I: ft);,-, 

using (33) and (34). 

ThisgivesT=T„ r-f T;i.= 2 T 2 rl:i or =2(T2 + Ti)d.i. Hence 
for a periodic motion in the plane normal to the direction of the 
field, T+Tp must be an odd integer. For the vibration parallel 
to the electric field 

f = S£,,,^C0S {2«(Ta)4-T;,.«);,.) 
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where now, since this vibration is unaffected by the field, 

rco + Tp C0p=ri<Oi + T^Q)^ 
or TCOi±TO>p + TpCOp = riOii+2T2 0)p 

which leads to T=Ti, T+Tj.=2(Ti+Ta) or =2x5. 

In this case, therefore t+t^ must be an even integer. 

The interpretation of this gives another example of the 
elegance of the correspondence principle. A transition from a 
state characterised by the two quantum numbers n and % to 
a state characterised by n' and n'p is conditioned by a har- 
monic component of frequency (n-n')co+{np-n'p)(Op ia. the 
orbital motion. Now \n-n')—T and [np-n'^=Tp in 
the problem just discussed. We have seen that if, in the 
orbital motion, there is a vibration parallel to the field r+Tf is 
even ; for a motion in a plane normal to the field t + tj? is odd. 
For an observer looking along a direction normal to the field, 
these motions correspond to polansation parallel and normal 
to the field respectively, i e. they correspond to the p and s 
components in the transverse effect. For an observer looking 
along the lines of electric force it would seem, at first considera- 
tion, that circularly polarised components, identical in wave- 
length with the s components of the transverse effect, would be 
seen. However, when there are a large number of atoms, a 
rotation in one sense is as likely as that in the other there is 
not, as in the case of the Zeeman effect, a difference of wave- 
length according as whether the component is circularly polar- 
ised in one direction or the other, with consequent separation 
of the oppositely polarised components. The light therefore 
appears unpolarised m the longitudinal Stark effect. Sum- 
marising the polarisation results we have, therefore ' 

In the case of the transverse effect 

(»-»'+ - n'p) even, p components. 

[n - «' + Up - »'p.) odd, s components. 

In the case of the longitudinal effect 

{n-n' +np- n'p) even, no components 
{n-n' -k-Hp- n'p) odd , unpolarised components. 
These are the polarisation rules 
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The general ('xpeiimeiital rosulls, that the components arc 
symmctrioally plsuicd about the position of the unresolved line, 
and that they are spiced at distances which arc whole number 
multiples of a separation factor, follow from the formula (32) ; 
the observed polarissition rules, that in the longitudinal effect 
there arc only un})olarised comjxments, whertsis in the tnins- 
verso elTect Ihore are s and f components, we have just deduced 
by applying the c,orrespondenc<* i)rincii>le. To illustnite the 
more detailed agreement between theoiy and expeiiment we 
will ajiply formulsi (32) and the polarisation rules to the cases 
of two lines of Balmer series of hydrogisn, //„ and //,,. 

For «' 2, 11 3 

for 7 /^ h'-2, n 4 

Beside the rules just discussed we must iemein]>ei lhat tlu‘ case 
np~n is excluded for both initial and Imal states (sec' p. 261), 
so that, for instance, in the case of //„, 1 2, 1 i, o, and 

'l.i, 0. In the case of //„, «- «' is odd, and theieloic 
Hp-n'i, must be odd foi com])on(‘nts and even foi s com- 
ponents. In the case of Jl^, n - 11' is even, and this eloi c n,. - n'p 
must be even for /» components, and odd ioi .v components. 
We tabulate s — n'n'p-nn,., which gives the po.silioii ol the 

components in multiples of „ Since the components arc 

Qnhm'Z 

symmetiical about the original line it will snltice to t.il<(‘ all 
possible negative values, say, of 11, . and to allot to eai'h value all 
values of n'l. pei milted by theiules, bru'l ('on.sideiation will 
show that the positive values of with tlu' ])einulle<l values 
of give the .same components with reversi*d sign. .Since the 
longitudinal effect can be at once di'duced from tin' transverse 
effect the latter only will be considered. 


p components : (» ~n' -vn,, - n',.) t'ven, tip -11',. odd. 
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H^. s components : j.) odd, np-n'p even. 
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Stark’s experimental results for are represented in 
Fig 44 , the f components being above and the s components 
underneath The numeral under each line indicates the differ- 
ence of wave number between that line and the unresolved line 

<hF 

expressed as a multiple of C lengths of the hnes 

represent intensities. It will be seen that all the experimental 
components are represented in our theory, which m addition 
gives an 8 component in the p, and a 5 6 component 

in the s effect. This need not throw doubt on the validity of 
the theory, for we have said nothing of the relative intensity 
of the various components. Kramers has investigated the 
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question of intensity vcTy fully by tlio use of Bohr’s eorrespond- 
cnce principle, and finds that the components missing in the 



('alculalotl. Obscivcd 

Kig. .|6. 

Stark cHeci in tlie Ikilnicr Iiuch o{ hydiogen 

Stark photographs are theoretically of feeble intensity, and 
so might well escape detection. As regards II for which the 
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experimental results are also shown in Fig. 44, the agreement 
with theory is striking. All the theoretical components are 
represented. The hnes given by Stark as questionable do not 
occur theoretically, and a very weak line in the f and one in 
the s are also theoretically excluded. In the case of and 
Hf, which are not worked out here on account of limitations 
of space, the agreement between theory and experiment is 
perfect. Since these lines give round about fourteen com- 
ponents, the theoretical explanation of the effect is a str iking 
triumph for the quantum theory, especially as classical theory 
has proved powerless in the domain of the Stark effect. The 
results, calculated and observed, for the first four Balmer 
lines are summarised in Fig. 46. 

The exposition given here has been chosen with the particular 
object of illustrating the significance of the correspondence 
principle. It may be mentioned in conclusion that Kramers 
has handled the question of a combined relativity and Stark 
effect in the case of hydrogen hnes. He finds that in the 
presence of a weak electric field the components of the fine 
structure spht into one or more sharp, polarised components, 
which are displaced by amounts proportional to the square of 
the electric force. As the electric field is increased new com- 
ponents appear ; when the field is strong the components 
coincide with those given by the theory, without relativity 
effect, which w'e have just discussed. 
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CHAPTER XI 

THE OPTICAL SPECTRA OF THE GENERAL ATOM 

Introductory. The charactenstic of the model of the hy- 
drogen-like atom is a spherically- S3ntnmetrical central nucleus, 
of neghgible dimensions, attracting a single electron with 
an inverse square law of force, and, as we have seen, this 
gives satisfactory results, not only as regards the quantitative 
structure of the line spectra of hydrogen and lomsed helium, 
but also in respect of the resolution of the individual lines into 
components produced by various disturbing causes. When 
we turn to the general atom, with a large number of, or even 
only two,"" electrons, the problem becomes much more com- 
plicated No spectrum of an atom holding more than one 
extranuclear electron has been fully worked out. but impor- 
tant work has been done in the direction of explaining the 
general features of optical spectra, and from a consideration of 
the characteristics of the optical and X-ray spectra of the atoms 
taken in order of their atomic numbers an astonishing body of 
information as to the extranuclear structure of the non- 
hydrogen-hke atoms has been won. 

It has already been pointed out that no scheme of circular 
orbits can give even a rough descnption of the line spectra of 
the general atom, since it only provides one senes of terms. 
The consideration of elhptic orbits did not lead to any new 
features in the spectrum when the field of force was a Coulom- 
bian one, since in this case the orbits are Keplerian ellipses, the 
problem is a degenerate one, in the sense which we have defined, 
and all orbits of the same major axis (which is, in effect, the 
parameter quantised) have the same energy. When, however, 

* Neutral helium, for which no fully satisfactory theory is yet to hand. 
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the field of force departs markedly from the inverse-square law, 
orbits of the same major axis, but different eccentricities, have 
different energies. Por a Jint attempt on the problem of the 
line spectra of the general atom, the following assumptions are 
made. One particular electron, which we may call the “ optical 
electron," or " series electron,” is assumetl to be resi>onsible for 
the difference.? of energy between one stationary .state of the 
atom and another, considcre<l in the general liohr formula 
It IS not meant that one ticketed electron of 
the atom is necessarily always the ojdical electron, but rather 
that there is a privileged role for one electron. This electron 
de.scnbes orbits in which it is, for a greater part of the time, 
at any rate, far removed from the rest of the atom, which wc 
will call the core of the atom * 

It is assumed further that there is no interchange of energy 
between the core and the optical electron in other words, the 
core, consisting of the true nucleus and a grouping of extra- 
nuclear electrons, behaves as a kiiul ol complex nucleus, differ- 
ing from the true nucleus considered in the hydrogen like atom, 
in that it exercises a more complex field (it ioic'e, since the 
dimensions of the group of positive and negative charges arc 
no longer, in the case of the core, negligilile compared to the 
perihelion distance of the orbit. 'I'hat the electrons of the core 
.should be unaflectcd by the near passage of the optical electron 
IS an assumption winch is at variance with what wc should 
expect from classical mechanics, and must he ('onsidcred as a 
manifestation of some quantum property Its justification is 
that on the simple assumption laid down wc reach results in 
general agreement with experiment 

For the first great problem, which is to explain the general 
features of the vanous senes— sharp, principal, diffuse and 
fundamental — of the line spectrum of an atom, it is assumed 
that the field of force produced by the core is spherically 

■*To bo distinguished from the hoincl ol tlio atom (soo pp. 352. (>37), winch is 
what is loft of tho atom when tiio electrons fonmng tlic mcomplctc groups of 
highest total quantum number ore removed. Of course, in tlie ca.se of the 
atoms of tho alkali metal groups, or lonviod atoms of the alkali earth group, 
and so on, the core and tho kernel are the same thing, but m tiio case of. say, 
a noutral atom of Column 111 . of the poiiodic table, the core contains two 
outer electrons m addition to the kemol. What I have called the cere is the 
German Atomrumpf 
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S57mmetrical, or, still more definitely, that this field can be 
considered as due to a central nucleus surrounded by a spheri- 
cally S3amnetrical distribution of negative dectridty invanable 
with the time. This is clearly only a first approximation, 
since the electrons of the core are all in motion in quasi- 
elliptical orbits of various dimensions and eccentricities. 

It should also be^ noted that an assumption of this kind 
cannot give an explanation of the multiplet structure of 
spectral lines, i.e. of the existence of doublets, triplets, quad- 
ruplets, and so on, m the place of single lines in most of the 
series. To explain this feature, and the anomalous Zeeman 
effect, it is necessary to consider the core as having about an 
axis a moment of momentum specified by the introduction of 
a new quantum number, and to consider the various possible 
positions which the plane of the orbit of the optical electron 
can take up with reference to this. Detailed consideration of 
such pomts IS postponed to Chapter XV. On the assumption 
of central symmetry the orientation of the plane of the orbit 
obviously has no effect on the energy of the atom, and two 
quantum numbers, n and k, sujffice to specify the orbit, and to 
give the energy of the terms which we require. 

We have, then, to consider the behaviour of the electron in 
a central conservative field of force which does not obey the 
inverse-square law We can specifv the nature of the field a 
little more closely. The core consists of the central charge 
Ze surrounded by Z - 1 electrons in the case where the neutral 
atom IS emitting light, Z -2 electrons in the case of the singly 
ionised atom, and, in general, Z -s electrons in the case of an 
atom ionised to the (s-i)th degree. The net charge on the 
core is therefore $e in the general case of the ionised atom At 
a distance from the nucleus large compared to the dimensions 
of the core this net charge may be considered as concentrated 
at a pomt, or at such distances we have a field which approxi- 
mates to the inverse-square law field produced by a nucleus 
of charge se. The fact that the same constant R occurs in 
all spectral formulae can now be easily explained For very 
large orbits, that is, for large quantum numbers, the term 
must have the same value as for a hydrogen-like atom of 
nuclear charge se, i.e, must be given by Rs^Jn^. The formula 
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for thf {(tnuTitl term muM, llu*n, upproximutc to when 
n is largf, wiiirli is tsisily fttootiMi by substit\Uinji{ for n any 
function of M wbicli tt'uds to the vuluo «'■* when n is large. 
Any of th<* empirieui spectral htrniulac, sueli as those quoted 
in t'Jiupter VIII,, obey tills eoiulition. In the ease of the 
first sjwrk spi'ctnun, which is I'ivcni by a singly ionised atom, 
the e{)nstunt is 4/f. b’or the spectra of doubly ionised alu- 
minium, orden-d by Pascheu, ami of doubly ionisi'd silicon, 
onlered by A. Ktiwlcr, to which reference has Ixs'n made in 
Chapter VIII., the constant is oA’ : for the trebly ionised 
silicon cjf howler it is lOA' ; ami so on. It is, perhajis, prefer- 
able to .say that the fact that serhs have been found which 
require for tJunr rei>resenlatii>u the constant t)A and i6i? 
respi’ctively imlicate.s, on the alatve leasoiiiug, that doubly and 
trebly ionised atoms are c<mcerm*<l in their emisshui. 

Spectral Significance ot the Two Quantum Numbers. A 
clo.se<l elliptic, crbil is only possible in tlu* case of an inverse 
.square law of forei*.* When the I'ential foicc <leparts from the 
iiivcrsi* square law, the (piasi idliptie oibit iotatc>s about an 
axis through tlie locus normal to the plain' of the orbit. If the 
orbit is large, ami only a small part <>1 it lies in a fiehl in wliicb 
there is a mnrkeil dcpaiture from the invmse sciuare law, there 
niay be a large, rotation of peribehon, although the gieater part 
of the orbit closely re.seinbles a Keplerian cllip.se We have in 
general a rosette, as in h'ig. ;j(>, but often tlu' lotaliuu of peri- 
helion is so large that oibit.s of the ajipeaianec illu.stralcd later 
in Fig. 47 occur for an actnal atom. 'I'lie 01 bit , considc'red as a 
plane orbit, is no longer a degenerate case, loi corresponding 
to the two degrees of freedom wa luivi* two periodicities : a 
motion of frequency to in tho quiusi-chiplic orbit, and a motion 
of tho apse of frequency the seCtind ])eri<)<lic.ity being 
introduced by the presence of tho core electrons. 

We have a multiply periodic system to wliicJi we can apply 
Bohr’s method, described on p. 231 et scq. CTorrespondmg to 
tlic two periodicities we have two quantum iiuinbcrs, n and k, 
defined by 

W 

* Or, ot courso, in the case ot a iorco varying directly as the distance from 
the centrC; wlucli latter case never concerns us. 
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We choose J„ so that in the limiting case where, the departure 
of the field from the inverse square law tending to zero, the 
central orbit becomes a Keplerian ellipse, /„ becomes the total 
{i e. radial+azimuthal) action J with which we dealt m con- 
sidering the case of the truly elliptic orbit of one periodicity, 
to which corresponds a frequency o)^. In other words, when 
cof, tends to o, /„ must tend to J, w'hich was defined by 

In the general case represented in equation (i), we have 

dE=a)dJ„ + cOi,dJi ( 2 ) 

being chosen as above, n is defined by equation (i), and is 
the principal quantum number. Bohr’s general method of 
defining the J's and n’s is designed for any periodic motion, 
and gives no particular quantum number preference over any 
other. When, however, we are dealing with disturbed elliptic 
orbits we can define a pnncipal quantum number pertaining to 
the undisturbed orbit, as ]ust done. This is what we did, 
effectively, in treating 01 bits by the method of secular per- 
turbation. If £Ofc is small compared to cu, that is, if the electron 
executes a large number of loops while the major axis of the 
quasi-elliptic loop moves through an angle 2jc, then, since also 
can never exceed the energy is determined to within a 
small percentage by that is, by the pnncipal quantum 
number n as distinct from k. eu* is not always small compared 
to to, and in such cases the energy correction due to the second 
penodicity is large. 

k is the new quantum number introduced by the rotation of 
the apses. Whereas in the case of the simple ellipse, the 
quantismg of the angular momentum j>g, earned out in the 

p* 

Sommerfeld-Wilson method by putting j>gdd=2Jip=n^, 

•'o 

led to no new term in the energy, and so was unnecessary for 
the Bohr point of view, now that we have two penodicities 
the energy is modified by the second quantum condition, as 
expressed in equation ( 2 ), and the second quantum number 
corresponding to is indispensable. The second equation of 

A,S.A s 
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(i) expreascs the quantisation of the angular momentum in the 
case Tinder consideration : 

Ji,^23ipt)-kh. ( 3 ) 

where /»<, is the angular momentum of the electron in its actual 
orbit about the nucleus, which is, of course, constant for any 
central orbit in a conservative field of force. 

This follows at once from Bohr’s fundamental equation 

m t i J 

which becomes in our case 

p, dr + K H dO. 

7 „ tends to the value J — (|)/>A -I- when tends too, 

and the orbit becomes dogci’cratc, and . dO — anp^. 

k is called the azimuthal quantum number of the orbit. 

We can, of course, expros.s the gcneial case of the elliptic 
orbit with rotation of perihelion in the Wilsoii-Sommerfdd 
manner, by putting 

j*2ir 

- znp- kh 
J 0 

and 11 - 11, ^ k. 

This is ]u.st what we did in tlu* degenerate case of tin* Keplerian 
cllip.se considered in the SommiTfeld way, and is, perhaps, tlic 
more straightforv'ard way of a]>]noaclnng the piolilem. It 
lacks, however, .something of th(‘ generality of Bohr’s method, 
and does not bung out so clearly the fact that the second 
quantum number is bound u]) with a second periodicity 
Referring back to Fig 37, which rcprc.sents orbits of total 
quantum number «='4, and azimuthal quantum numbers 
3. 2, 1 in the case of an inverse square field, we remember 
that k can have any whole number value r- n except 0, since 
k=o gives a straight line through the nucleus. The case k=n 
gives a circular orbit ; it is obvious that when r is constant the 
whole momentum is azimuthal As k diminishes the ellipses 
become more and more eccentric. The modification which a 
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departTire from the inverse square law introduces is that the 
apses of these orbits of var 3 dng degrees of eccentricity rotate, 
but k still conditions the eccentricity of the ellipse to which the 
loops approximate. It must be borne in mind that although 
k may be equal to n, and in any case can only exceptionally be 
neglected in comparison to n, the modification of the orbital 
energy conditioned by ^ is frequently small compared to the 
total energy, which is fixed to a first approximation, but to a 
first approximation only, by n. Equation ( 2 ) expresses that 
the additional energy term fixed by k is proportional to the 
frequency with which the apse rotates, and can only be con- 
siderable when this frequency approaches that of the electron 
in its qaasi-elliptic loop. 

The energies of the orbits, that is, the terms from which the 
variotis spectral senes are derived, are, then, expressible in 
terms of two numbers, n and k. Fixing a value of k and letting 
n vary, we have one sequence of terms • fixing another value 
of k and letting n vary, we have a second sequence, and so on. 
Now we have seen in Chapter VIII. that to account for the 
various series — ^principal, sharp, diffuse, fundamental . . — we 
require four or more sequences of terms, nS, nP, nD, nF of 
which we know empirically the following the terms of each 
sequence become Balmer-like, i.e. take the form R/n^, for very 
large values of the sequence number n, while the departure of 
a term of given sequence number n from the value R/n^ is pro- 
gressively smaller as we go from sequence to sequence m the 
order nS, nP, nD, nF .. given above The sequences show 
increasing resemblance to hydrogen terms in the order given. 

The hypothesis naturally occurs, then, that a fixed value of 
k, with varying n, gives one of the required sequences, and that 
the value of k corresponding to the different sequences increases 
in the order in which the sequences have been set down above. 
Firstly, for very large values of n, the orbits are very large, 
whatever the value of k, and therefore lie almost entirely so 
remote from the atomic core that the field of force in their 
neighbourhood approximates closel} to an inverse-square law 
field produced by a single nucleus whose charge equals the net 
positive charge on the core For very large values of n the 
terms therefore become Balmer-hke, as required. Secondly. 
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for a low value of k, say the orbits except the first one 

or two have a high degree of eccentricity, and consequently a 
small perihelion distance compared to orbits of the same n for 
which h IS greater. Hence, for a given n, orbits of small k lie 
partly in a field which departs from the inverse sqxuire law 
more tlian it doc.s at any point of the orbits of larger k, so that 
the greater k the closer the aixproximation of the tenn to 
Since empirically the first term of the .S' sequence has the 
value for which k must be i (.since k cannot exceed n, 
nor be zero), and the value of n for the first term of the other 
sequences increa.ses,* it seems natural to assume that A* -i for 
the .S' sequence, for the 1 * .sequence, k~^ for the D 
sequence, and /i — 4 for the /'' sequence This was Sommerf eld's 

original assjumption, which has been well supptirted by the 
experimental result.s. Certain dilliculties which it encounters 
arc discu.ssed in ('hajiter XV. We .shall .sec that k must difier 
by I from sequence to sequence wlien we come to con- 
sider the corn'spondence principle, and we have .seen that k 
must be i for the .S’ sequence, and increase for the various 
sequences in the ordei given. lienee this allotment of the A’s 
seems inevitable f 

There is, of course, no reason why k .should stop at 4, since 
for «>5 corre-sponding values ol A* ^5 arc peimitted. Hence 
theoretically there can be any number ol term sequences 
corresponding to values k — % 6, 7 ... . Terms for which 
/e = 5 or 0 have actually been found by iMiwler and Pa.schcn ; 
Paschen calls them respectively " Ober-Bergmann ” and 
“ Cher iiber-Bcrgmann ” terms, which Fowler rendcTsas Super- 
Fundamental and Supcr-.super-lnxndamental terms they are 
indicated by nG and nH. They have been discovered in the 
case of atoms ionised to a multiple degree, and the reason is 
clear. Such spectra have as constant where s - 1 is the 
degree of ionisation, so that the terms are all displaced to 
the violet compared with those of the neutral atom. In the 
neutral atom, just as the lines of the Bergmann, or fundamental, 

* See, however, remarks on notation, page 172 et seq 

■fThe conbidcration of the introduction of half odd integer values for the 
/t'b, which has no satisfactory theoretical basis on the orbit scheme, is best 
postponed to Chapter XV. 
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series lie in the infra-red, the lines of the G, and still more 
of the H senes, lie, if excited, in the very far infra-red, and 
we cannot hope to observe them. A high degree of ionisation 
bnngs them into a region where they can be photographed : 
thus the G-series lines measured for Sim and Siiy lie in the 
ultra-violet. 

To correspond with the theory, then, we can wnte the 
possible term-sequences for a complete line spectrum as follows. 
The term of pnncipal quantum number », azimuthal quantum 
number k is written %, for example 43 . The upper row of each 
pair of rows gives the spectroscopic, the lower the quantum 
notation. To avoid the difficulty caused by the fact that the 
principal quantum number of the leading term is differently 
allotted by Fowler, by Paschen, and by Bohr, an arbitrary 
whole number (»„ ...) is added to the pnncipal quantum 

number, this arbitrary whole number being the same through- 
out a sequence. By suitably choosing its value any notation 
can be satisfied. 


S sequence 

1 5 2S 

4S 

5 S 

65 


(».+ t)l +2)x +1)1 

+ 4)1 

+ ■5)1 

• 

P sequence 

iP 3P 

4 ^ 

5P 

6 P 


(K,.+ -J)8 +^>2 

+ 4)2 

+ ‘5)2 

+ f')8 

D sequence 


4 /) 

■iD 

i>D 


{>'<1 1 

+ 4 )( 

+ '))i 

4 - 6 ) j 

F sequence 


4 ^' 

5 P 

OF 


+4)4 

+ 5)4 

4-6)4 . 

G sequence 



5 G 

OG 




,+ 5)5 

+ 6)5., 


Derivation o£ the Rydberg and Bitz Formulae. We have 
seen how the different series of the general hne spectra can 
be expressed, apart from any multiplet structure, by two 
quantum numbers, n and k, of which k is constant in any one 
series, while n takes up a sequence of whole number values 
We know also, from experience, that the general term can be 
expressed to a first approximation by Rydberg’s expression 
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(' = 7—^-.., wlicrc « has a constant vuhic in any one scries. 

“ ’ 

and n takes xip a sequence of whole ntimber values, or more 

R 

closely by liitz’s expression v = „ « where and /? are 

both constants in any one series. We now have to show that 
these formulae can be dcrivctl from the general scheme of 
orbits in a central field which we have been discussing. 

We assume that the dimensions of the core are small com- 
pared to the dimensions of the orbit, so that a comparatively 



Kig. ij7. 

Orbit when the field neai the nucleus is uou-C'oulonibMii. 


large part of the orbit lies in a field approximating to the invcise 
square law, and consequently may be treated as part ol a true 
ellipse. Within the core, however, as we ajiiiroach the nucleus 
the field increases mucli more rapidly than would be indicated 
by the inverse square law If tlic orbit be of marked eccen- 
tricity there will consequently be very high velocity at 
perihelion, and a large rotation of perilielion, the orbit taking 
the form shown in Fig 47 It is represented by tlic full line, 
and consists of (a) a mam outer loop, whicli lies in a field 
differing very little from that given by a charge sc concentrated 
at the nucleus, supposing the atom to be (s-i)ply iomsed, 
and (6) an inner loop, lying mainly within the core, where the 
field, still central, varies much more rapidly than indicated by 
the inverse square law. The broken circle indicates the 
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boundary of the core, outside which the field is approxhnatdly 
Coulombian. The Keplerian elhpse of which the outer loop 
forms part is completed by the broken line. The inner loop is 
formed between the two outer loops shown by the large 
rotation of perihelion, and the ellipse to which it is a first 
approximation is also completed by a broken line. There is, 
of course, one inner loop to every outer loop. 

The quantum number which characterises the true elliptic 
orbit, of which the outer loop is part, is not n, the total quantum 
number of the true nj^ orbit, for the total energy of the electron, 
which does not vary with the time, must be the same in the 
elhptic loop as in the actual orbit, and we know that the energy 
E of the actual orbit is not determined by » alone, but depends 
also on A. Clearly, however, we can define a number such that 


-E = W 


chRs^ 

'•'e 


( 4 ) 


will then be the number specifying an elhptic orbit, described 
round a central point charge se, which has the same energy 
and the same moment of momentum pg as the actual orbit : 

wtU not, of course, tn general he a whole number. Tins state- 
ment IS not in conflict with the assumptions of the quantum 
theory, since the elliptic orbit which n^ specifies is not one 
actually existing in an atom, but is a fictitious, mechanically 
possible, orbit, described about a massive pomt charge, and 
defined to have tlie same energy as an actual orbit n^ is 
called the effective quantum nnviber, and is given by equation {4) 
directly from the empirical spectral term, of wave number v, 
which happens to be m question, since hcv = W. It is a very 
important conception in recent quantum theory, and its 
meanmg should be clearly grasped. 

Correspondmg to we have m the elliptic orbit Jg=ngh. 
Now for the actual orbit = nh i= J^. Let /*=/„- ah, where, 

as far as we know at present, a may be a function of n and k 
Then 


nji=nh-ah or ng=n-a. 


W 


chRs^ 


Hence 


(«-a)® ' 


( 5 ) 
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Now sxipposc the ur])it varied in sudi a way that the enter loop, 
bnt not tho inner loop, changes ; tins can clearly be done, 
since corresponding to a small diange of velocity just outside 
the core a small diangc in direction can be made in sudi a 
way tliat the inner loop remains the same. Then 

where ca, is the frequonej^ in the fictitious elliptic orbit. We 
can alternatively suppose the orliit varied m such a way that 
only n, and consequently varic.s, while the other quantum 
condition which exists for the true orbit, namely Ji^kh, 
remains unchanged. In this case 

<5/i ^o) dj =e)„ dj^ +co^dJ^ 

--=®» ^Jn- 

As a first approximation, o>„, the frequency of revolution of 
the dectron in the tnie orbit, from aphelion to aphelion, equals 
co^, the frequency of revolution in tlic elliptic orbit, since the 
portion in the abnormal field {the tiiiic of describing which 
differs from the time of describing the cot responding part of 
the elUptic orbit) is small, and, in addition, the velocity in tins 
portion is very large. To this approximation, with the con- 
ditions that we have postulated, namely that only n varies, 

(0,{()Jn - 

so that hda=o or a = constant. 

In other words, when n changes, but k is kejit constant, the 
quantity a in formula (5) remains constant, or a constant 
corresponds to a given spectral .series, iunmula (5) becomes 
Rydberg’s formula, which wo have deduced on the simple 
assumptions that the field is central and that the dimcn.sions 
of the core arc smidl compared with those of the orbit of the 
optical electron.* 

We have assumed as a first approximation that 
To a second approximation tho difference of the time periods 
in the two orbits will be a small qiuintitj' x/,/;, which duos not 

* Wc assumed that the eccentricity of the orbit was marked, but this was 
only to get a departure from the Balmer form. Obviously, if the eccentricity 
IS zero, and the oibit Urge, wc have circulai orbits in an approximately 
Coulombian held, and the lialmcr foim holds. 
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depend on n, the number which conditions the size of the 
Keplerian loop when the inner loop is fixed, but on k, which 
determines the perihelion distance. 


Then 


I I /L 


COn 


dE= -dW=(OgdJ^=(i)^{i-(n;\frh)dJt 
=o>„{SJ, + ylrhdW). 

For vanations in which k is constant, i.e. for a given spectral 
senes, 

8E =o)JJn ; 

so that dj„ = djg + '^hdW, 

n-a=n^+'^W, 

where a is a constant of integration. 

chRs^ _ chRs^ 


Hence 


W=- 


n. 


or 


Rs^ 


This is one form of Ritz’s formula • remembering that ^ is 
small, we can lake W as — , and, writing /? for \j/c/iRs^, we 

ft- 

get the form quoted on p. 278, namely 

Rs^ 

^\S 


v=- 


(-- 4 ) 


It may be recalled that all through these proofs * we have 
assumed that there is no interchange of energy between core 
and optical electron This implies that the electrons in the 
core, which are part of the atomic structure, have quantum 
numbers which remain invariable in spite of the penodic 
incursions of the optical electron into the region which they 
traverse This invariance, or lack of interaction, cannot be 
explained on the basis of ordinary mechanical laws, and would 

* In connection with these proofs I ani much indebted to Mr- R. H. Rowler, 
who kindly lent me some manuscript notes on unpubhshed work of Bohr’s. 



282 


STllUCTUKE OF THE ATOM 


seem to be essentially in the nature o£ a quantum postulate. 
It is referred to by Bolu’ as the postulate of the invanancs and 
pemaneme of the quantum numbers, and receives further 
striking illustration in the consideration of X-ray spectra, since 
it would seem tliat the removal of im inner electron wliich taJkes 
place when sucli spectra arc excited docs not aflect the quantum 
numbers of the remaining electrons whicli form part of the 
atomic structure. 

Returning to the proof which we have giveii of the Rydberg 
formula, we may devote a little more consideration to the dis- 
tinction between the effective quantum nmnber and the 
principal quantum number n of the given mbit corresponding 
to a given term in a given sequence. is found at once from 
the value of v by the defining formula (4) : there is no ambi- 
guity as to Its value, n, however, cannot be found directly in 
this way from the empirical data. We know that it must be a 
whole number, and we know that n -f but this does not 
fix n. Only when the value of n to be assigned to one term, 
say the first term of the sequence, has been determined, is a, 
previously known only to within a whole number, determined. 
Tlie spectroscopists fix the value of n by using one of the more 
complicated formulae in winch there is a corrective term 
depending on n, sucli as Hicks’ fomnda for tlic tenn 

R 

(,“ W‘ + J 

and selecting « so as to get the best fit for the whole sequence ; 
they also make use of subsidiary empirical relations witli the 
same object. Even so there is no unanimity as to the value 
of n to be assigned to tlie first term in ceitain scries : Fowler’s 
numeration given on p. 172 is a usual one, but is not the same as 
Paschen's. We shall see later that Bohr’s theory assigned a 
definite n to the first term in each scries for most atoms, but 
the practical spectroscopists have decided not to adopt this for 
desenptive purposes, and for the moment we need not further 
consider it. 

It can easily be shown on general theoretical grounds that 
when in the central, non-Coulombian part of the field the force 
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is more intense than indicated by an inverse-square law, corre- 
sponding to central charge se, as is the case with our 
atomic model, then «>n„* so that a m (5) is a positive 
quantity, a, the amount by which the principal quantum 
number exceeds the effective quantum number (which is the 
same thing as the amount by which the actual radial quantum 
number exceeds the effective radial quantum number) is called 
the quantum defect 

An evaluation of the effective quantum number for the first 
few terms of the series of an atom enables us to see rapidly how 
far the senes approximates to Balmer form. For nearly all 
atoms, m which series have been disentangled, the first F term 
has «,=4 to within less than i per cent For the lighter 
atoms the first D term has n^= 3 , but for most of the heavier 
atoms it has definitely smaller values. The values of for 
the early terms of the principal and sharp sequences are not 
whole numbers . they vary from atom to atom This con- 
firms very strongly our allotment of A = i, 2, 3 and 4 to the 
S, P, D and F sequence On this basis, for the F sequence in a 
hydrogen-like atom the smallest possible value of is 4 , 


* To show that n is greater than w,, consider the part of the actual orbit 
within the broken circle in Fig 47, as compared with the corresponding 
position of the Kcplenan ellipse, shown broken. The velocity at any pomt 
of a central orbit depends solely upon the intensity of attraction, the distance 
of the moving point from the centre of attraction, and the velocity 
and distance of projection. The projection conditions are the same for 
Keplenan and actual orbit, since the outer loops are identical, so that at a 
given distance wc have to take into account only the intensity of attraction, 
which within the dotted circle is always greater for the actual than for the 
Keplenan orbit. It follows at once from this that, at a given distance, v i>VKt 
where v is the velocity of the electron and the suffixes A and K refer to the 
actual and Keplenan orbit respectively. At a given f, 

and Y^d IS the same in both orbits, since it is the same in the outer loops. 
Hence 

r I > 

Now if we take 1 mr dr from any point P wheie the two orbits practically 
><} 

coincide to the apse Q, and compare the result in the two cases, we have that 
in the actual oibit the apsidal distance is less than it is in the Keplenan orbit, 
so that the range of integration is greater, while, at a given r, my is always 
greater in the actual orbit than in the Keplenan. 

Hence ^ mv dr>^ mr dr, while ^p$ d6 is the same in both orbits, so 
that n > 
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while for the 1 ), P and S soquencas in order -■ 2 and i. The 

first /' term is ilicndore. a circular 44 orbit whose radius is 
4*=iC times that of the orbit of the electron in the normal 
ij orbit in the hydrogen atom. For higher terms /e=4, 
»>4, and the orbits arc elliptical, with the result that the 
perihelion distance is less than this radius of the circular 
orbit. 

To make this clear, it is well to derive first an expression for 
the porilielion distance of a truly ellipticjil orbit for a nucleus 
of charge Z in terms ol k, n and Uu, the radius of the hydrogen 
orbit, which may be called the radius of the hydrogen atom, 
as pointed out in Chapter IX. The radius a of a circular orbit 
of a hydrogen-like atom is 

ji* 


by the equation for r on page iqo. 

a is also known to be the semi-major axis of any elliptic 
orbit of the same n, whence 


perihelion distance = = « (i - < ) 

= z (7) 

aphelion distance— «(i -he) 

• ( 8 > 
Unk^ 

{7) shows that the perihelion distance must he between - "y- 


when n=A, and 


1 a„k^ 


" when « so . The greater the value of 

k the greater the minimum perihelion distance for any term 
of the sequence corresponding to that value of k. Tliis is for a 
Coulombian field : if the perihehon part of the orbit penetrates 
into a non-Coulombian field of the type we have considered, 
the perihelion distance is diminished, but clearly the diminu- 
tion is the more marked the less the value of d^, The smaller 
the value of k, then, the more markedly should we expect the 
energy of the orbit to depart from that of a Kcplerian ellipse 
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of the same n. Now the order of departure of from whole 
number values for the different series being in the order S, P, 
D, F, we have our k allotment conJSrmed 
The general run of the values of the first term of the 
general sequence will come up for consideration in Chapter XIV. 

Quantitative Applications of Theory of Central Orbits. It 
is not possible at present to work out in detail the 
spectra of any but hydrogen-like atoms, that is, systems in 
which the central nucleus is attended by only one electron. 
Even the neutral helium atom, in which there are two electrons 
in attendance, presents a problem which, in its full generality, 
IS beyond the scope of present day dynamics, although certain 
guesses at a possible arrangement of the orbits of the two 
electrons have been made the basis of extensive calculations, 
to which further reference occurs in Chapter XIV. Heavier 
atoms are naturally even less accessible to refined quantitative 
treatment. By means of certain simplifying assumptions it 
has, however, been possible to obtain rough numencal results 
by applying the theory of central orbits to certain classes of 
atoms. It must always be remembered, however, that the 
theory of coplanar central orbits, specified by two quantum 
numbers, is inherently incapable of explaining multiplet 
structure, such as, to take a simple example, the doublet nature 
of the senes of the alkali metals, and consequently no very 
detailed agreement can be expected 
The classes of atoms ior which numerical calculations of 
senes properties have been attempted are those for which the 
optical electron occupies a preferential position even when it is 
descnbing its stable orbit, or orbit of least energy. To make 
this clear, it must be explained that, in general, the atom con- 
tains, in its normal or unexcited .state, a small number of 
comparatively loosely bound electrons, all of which are more 
or less associated with the changes of energy involved in the 
quantum switch (See Chapter XV.) There is, however, every 
reason to believe that the normal neutral atom of any alkali 
metal contains only one such valency electron, whereas the 
atoms of elements of the alkahne earth column in the penodic 
table contain two valency electrons, and the atoms of the next 
column three such electrons, although all three are not neces- 
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sarily moving in cqiiivalcnt orbits. Tlicse matters are dis- 
aissed more fxiUy when the question of the systematic changes 
in stnicture from element to element arc considered. For 
present purposes all tliat is required is the knowledge that a 
neutral atom of an alkali metal, a singly ionised atom of an 
alkaline eartli, a do^ibly ionised atom of a column III. earth 
clement, and so on, consists of a core of a high degree of sym- 
metry and one electron, moving in a special orbit, more loosely 
held than any of the other electrons. Such a system corre- 
sponds more closely to the. arrangement considered in deducing 
the Rydberg and Ritz type of formula by the general method 
which we have dcscnbeil, whereas for a system in which the 
symmetrical core is attended by two or more outer electrons, 
only one of which is removed to a remote orbit on excitation, 
we can obviously not hope for such good agieement by the 
same elementary method. 

The method by which various workers, among wliom may be 
mentioned Hartrce, Fucs and Tliomas, have obi ained numerical 
results for orbits in which the I'lec.tron pt'netratos the core 
(called orbits of the second kind to distinguish them from orbits 
of the first kind, in which the whole orbit is e.xtcrnal to the 
core), IS based on a consKleration of the radial quantum con- 
dition, which gives a connection between the energy of the 
orbit and the potential of the atomic field Tlic Sommerfeld 
quantum conditions are nsc<l, but, as has been pointed out bj^ 
Bohr himself, in the cas(* of einitral orbits these are e.\actly 
equivalent to Bohr’s method ol quantising. 

Tlie field due to the atomic core, of iu“t charge .sc, is assumed 
to be radially symmetrical let the Inaction of r which expresses 
the potential of the force due to the core be Ve * Ve, of 


* The potential is written as Ve instead of V, so that V may be a function 
of r only, and not involve the diinciisions of the charge. Tins is a mere 
matter of convenience. It may also be pointed out that r, the electronic 
charge, is always taken as a positive number in these equations. Hence the 
value of the potential energy of the oi^tical electron is - Ve^ m.stead of + Ve^, 
as it would be if e were taken positive or negative according to the sign of the 
charge it represented, as a charge symbol usually is. Similarly the elcctnc 
dVe^ 'dVe^ 

force IS g-- instead of — ”y“ * Dhferent authors adopt different con- 


ventions as to what V represents, so that the reader must be careful in 
comparing formulae. 



OPTICAI. SPECTRA. OF THE GENERAL ATOM 287 

course, is zero at infinity. In a central field is constant, 
and the azimxithal quantum condition. The energy 

equation is 



where W is, as usual, the negative total energy. Then 
Pr = [- + 2 mVe^ - 

Let itf be the radial quantum number : then n^=n-h, and, in 
a given series, where k is constant, increases by unity as 
we go from term to term. Sommerfeld's radial quantum 
condition is 

njh=^p, dr=^\^-2mW +2mVe^ 

From spectral measurements we know the value of the term 
energj'-, - W, corresponding to a whole number value of n,, 
for a whole series of values of The task before ns is to find 
F as a function of r so that equation (9) may be satisfied for all 
these values. There is, of course, no sufficient reason for 
supposing a priori that this is possible, since the assumption 
that the function V is sphcncallv S5mmetrical might be so far 
from representing the atomic truth that agreement with expen- 
ment could not be obtained on this basis In fact, not the least 
interesting thing about the problem is the general question as 
to how far the hypothesis ol central symmetry is reasonable. 
Fues, Hartree and Thomas, among others, worked on the 
problem of finding an empincal distribution of force round the 
nucleus for certain atoms which shall give the nght spectral 
lines for those atoms. 

Fues sphts the potential V into two parts, putting 

F = Fi+F8, 

where F^ is the potential due to a nucleus of charge se, so that 
Fj, the added potential, represents the unlikeness of the atomic 
field to that of a type of hydrogen atom — ^represents the 
hydrogen-unlikeness, to imitate the German phraseology. Fj is 
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- 

thcai the function , for which numerical vuhios can be 
r 

calailatod straight off for every r. lie puts 

as;, 2 

P - amWy'^ ~ zm F/V* - " , () -zm I ^/V^ 

4 ^"* 

so that n, (lo) 

It is required to find the curve Q against y, which gives the 
nature of the added field due to llu' (‘Icctronic distrilnition in 
the core. In the casi! of sixlimn (atomic number ii), hues 
as.sumes that the core ('an be represented liy a luioleiis attended 
by two chjse electrons, which is roughly ecunvalent to a nucleus 
of charge (j, and 8 electrons arranged at (he comers of a cube 
surrounding the nucleus symmetrit'allv.* 'fhe ('ubc is sup- 
})Osed to move so that the radius vecdor liom (he nucleus to 
tJie optical election is always noimal to the same face of it. 
The arrangement assuiiK'd is ncci'ssaiily udlu'r aibitraiy and 
artificial. Fues has considered vaiious other plausibh' sym- 
metrical arraiig('ments, and found tli.it they all lead to some- 
what tlie same tyju* of curve for (J An ini])or(aii( ])oint winch 
he emphasises is that with none of these c.iu (he (leld bo 

developed m powers ol \ which jK'eounts foi Sommei fold’s 

failure to get .satisfactory values of the constants when he 
assumed such a development f 
P is fully deteniiiiied for each orbit, since IV is known 
empirically and Vj is given by definition. The general form of 

* Cf the structure ol tho sodium «iti>m discussed lu ('lici])ltMs N I V. and XV 11 . 
+ Sommerfeld, ubxng tho siiuplo nioilcl m wlucli this elixtrons arc arranged 

in a ring m one plane, developed an exjircssioii for V in [sowers of ^ , viz. 



and from this deduced the Rydberg and Ritz formulae as successive a[)proM- 
mations. The lines of the proof wexe sketched in the first edition of this 
book. However, Weihnacht has shown that tho integration as carried out by 
Sommerfcld does not, in general, lead to a convergent result, which accounts 
for the dilTicultics which arose. The ty])o of proof given on p. 279 et seq. of this 
book has since been evolved, so the account of this particular part of Sommer- 
feld's work has been oxxutted in this edition. 
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Q having been obtained, it is possible by a graphical method 
to find the quantum defect a in the formula 

ch (« — a)® 


Flies finds a always positive, as we have shown on general 
grounds that it should be, and the numerical values of a which 
he calculates are in good agreement for all terms with those 
expenmentally determined. 

He also finds the Ritz correction a - positive for orbits 
of the first class, and negative for orbits of the second class In 
general it may be said that the central symmetrical field gives 
a fair numerical representation of the sodium spectrum In a 
later paper Fues uses this method of separating the field into 
two parts given by the functions P and Q to determine from 
the atomic field values of the X-ray terms of sodium, and fair 
agreement is obtained 

Fues has also used this method to determine from the sodium 
terms the way in winch Q vanes with r, that is the structure 
of the atomic field. In Fues’ graphical method the circular 
orbits give certain parabolas which the curve of Q against r 
must touch ; and conditions arc .such that the points of con- 
tact are approximately known Bv this means the Q curve 
can be approximately fixed for the integration required in 
the formula j , Ip - n 

;,q) 




the Q curve is cut up into parabolic arcs, which enables the 
integration to be carried out. As a rc.sult Fues finds that all 
the terms of the optical spectnim of sodium are given to within 
6 per cent, by one and the same central field, following the law 
obtained by him graphically * 

Hartree imagines the field at any distance y to be expressed 
in terms of an effective nuclear charge eZ,, which is defined so 

■qY g22 

that the force at this distance = = /. Z has, then, a 

different value at each distance r . it tends to s for large values 
of r, and tends to Z for small values of r. The charge to which 


* Not a simple curve. 
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the added field is due is clearly {7.^ - s)<’. It is couviuncnt to 
express the dislann' r in tenns of the radius «„ of the ii 

y 

hydrogen orbit, introducing for the purpose the variable /) = 
Remembering 


/i“ ,, z%hn(^ , . . 

ch^ ,(d) becomes 


*u 




w,- 



*2 

l>^ 


i 

(if), 


where is the wave number of the term in question corre- 
sponding to the orbit specified by quantum numbers n=?i,+A 
and k, and 


V 



....(it) 


Expres.sing things in this way in terms of the scale of the 
hydrogen orbit, the constants e, m, h are eluninatcd. For 
calculation we can put 





V 

R 




( 12 ) 


where and p^ arc the apsidal distance's, whicli must be roots 
of the quantity m sqnan* brackets, .siiu'e at an apse p-o and 
the radial momentum is zero. 

Hartrce works with equations (ii) and (li), his pioblcm 
being to determine v us a function of r so as to satisfy both 
equations. The assignment of quantum number n adopted is 
that of Bohr, discussed in ('hapter XIV. In his computations 
he makes great use of the circular orbits, lor winch A’=«, since 
for these orbits and v have one value only, corresponding 
to the fixed value of r, and the integral involving values of v 
over a range of values of p is not needed. The method adopted 
is to choose the value of Z^ to fit a large ciicular orbit ; then 
to fix approximately a range of values of Z^ to fit other 
orbits of same k : then to fit a circular orbit of the next smaller 
value of k, and so on, proceeding inward In this way, a curve 
of Zj against p is built up for the given atom. 

Hartree finds, as does Fues, that the central radial field 
allows in general a good approximation to be made to the 
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empirical terms, but he has extended his work to include not 
only sodium, but also potassium and lomsed calaum. The 
agreement is not good for orbits for which k=x, which is to be 
anticipated, since such orbits, of high eccentricity, penetrate 
far into the core, wheie, on account of the innermost group of 
two electrons whose existence is discussed in Chapter XIV., 
the deviation from a central field must be large. Another 
interesting result is that the added field is appreciable a long 
way outside the boundary of the atom. Now, if Laplace’s 
equation 4jr/o =div E is to hold, such a deviation would appear 
to be incompatible with absence of electric charge, which 
emphasises the fact that the assumption of a radial field is only 
an approximation, or, alternatively expressed, that the radial 
field approximately equivalent to the core-field demands a 
distribution of electricity outside the actual bounds of the 
atom. However, a deviation of the field from the inverse 
square law outside the boundary of the atom can also be 
accounted for by a polarisation of the core by the approaching 
electron, to which reference is made a httle later on. 

Hartree has also deduced quantitative relations between 
sodium-hke atoms, by which is meant atoms with the same 
core-structure as sodium but different core-charge, i e. Nuj, 
Mgn, Aljii and Sijy. For orbits of the first kind, the 
outsiders, he assumes that the added field can be repre- 
sented by 


A{p)=Bp-^\ 


( 13 ) 


and proceeds to see if agreement with experiment can be 
obtained by the suitable choice of m. For this purpose he 
considers the term excess for an % orbit, denoted by a{n, k) 
and defined by 


1 ' 


where v is the wave-number of the term. The ratio of the 
term excess for a given orbit to that for the circular orbit of 

the same k, which is - ;y * J - , is found for different term.s from 

a («, k) 

the experimental data, and proves to be much the same, for a 
given value of n and k, for all the sodium-like atoms. As 
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orbits of lh(* (irsl class an* in question, flic values of k chosen 
for consideration are k aiul k q. 'Flu! theory of the central 
Held indicates tins constaiK'y of the ratio, and it is further 
foxind that jmttinjif m 4 in (i.^) gives the oxpc'riniontally found 
relation between dilTerent terms in a givin sequence. 

Born an<l Heisenberg have obtained a similar result for 
orbits of the first kind by a totally dilTerent method, lliey 
consider the. atonne core not as a rigi<l whole, but as a rigid 
.system of negative electricity which can be displaced by 
electric forces relatively to the po.sitive nucleus. The optical 
electron exercises on the core an electric force winch jiroduces 
.such a displacemc*nt, or polari.sation of the core, and the electric 

moment so iiuluced mu.st be d where g is a coefficient of 


proportionality. It is well know'u from the elementary theory 
of magnetism that a .small dipole of this kinrl pioduces in the 

‘Zd 

direction of its axis a lorce - 3 , or the force / on the electron 
produced by this polarised coie is / - ‘ ^ with a potential 
- . The a<l< htion oI .such a term to the ordinary Coulombian 


potential enables us to calculate the constants a and fi ol Kitz’s 
formula in terms ol g, or, conveisely, the e.xpeumentally found 
values of a and (I give us a value for g, which can be compared 
to the value of g deducible fnim the dielectric constant ol the 
inert gases.* h'air, but not more than fair, agu'cmcnt is 
obtained. We may say, then, that as far as alkali metal 
atoms, or alkali-metal-like atoms, are concerned, the ellect of 
the core on orbits lying wholly oul.sule the core can be approxi- 
mately expressed by adding to the ordinary potential of the 
Conlombian field a term in r It may be added that certain 
quantitative results for penetrating orbits have been obtained 
by Hartrec, but they are somewhat involved for consideration 
here. 

W. Thomas has applied the method of Fues to calculate the 
actual orbits for the optical electron in the sodium atom, and 


* The structure of the core of alkali metal elements is similar to the structure 
ol the inert gases. Sec Chapter XIV. 
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has further, by obtaining the Founer coefficients of these 
orbits and by appl37ing the correspondence principle, obtained 
figures to express the probabihty of the vanous transitions. 





Fig. 48. 

Possible orbits of the optical electron in the sodium atom. 
(Normal orbit is 3^ ) 
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The iutcnsities calculated in this way for the first llirec absorp- 
tion lines in the K])i'ctruni of soditnn, corresponding to the 
displsicemont of tlu'. electron from the normal 3^ orbit to 32, 4^ 
and 52 orbits (on Bohr's attribution of principal quantam 
numbers), show fair agreement with the measxircnicnts of 
Be van for these lines. The forms of the orbits obtained by 
Thomas are shown in big. /|H, to illustrate the general nature 
of the electron paths. 

The various examples given in this section show that in the 
comparatively simple case where the atom consists of a sym- 
metrical core and one vaUmey electron, the assumption of a 
radial field permits an approximate ri'presentation of observed 
term values. At the same time* they will .serve to ilhustrate 
how far we are from a quantitative solution oi the general 
jiroblem of cahnilating .spectral teims, since (sven this case can 
be handled in a very general way only 
The Selection Principle. We have seen that the term 
sequences can be explained by considering orbits, a fixed value 
of k corrc.spondmg to a given .sequence Tlierc aie limitations, 
theoretical and expeiimcntal, as to the combinations of terms 
which arc possible in the cxpro.ssion 

hi'r,r--W{k',n')-\V[k,n), .. .. .( 14 ) 

Wiji, n) indicating the negative I'mugy con e.spondmg to an 
orbit, and these limitations have to be considered 
The disturbance of the Conlombian form of the lu'kl due 
to the presence of the core eh'c.lrons cau.ses, as we know, a 
uniform rotation ol the apse with a frequency which we 
have denoted by The x moment of the electron we have 
developed in the scries 

^=2C/'.OS 

and we have seen, in considering the Zeeman effect, that the 
imposition of a uniform rotation is expressed by the fomuki 

, 1 }, ( 15 ) 

which denotes that the original harmonic component of periodi- 
city <w is replaced by the harmonic components of frequency 


ToU-cDj, rm-co^. 
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Now by equation (2) we have 

dB=mdJ„+co, 6 J„ 

where (o is the frequency from perihelion to perihelion in the 

periodic orbit and co^ is the frequency of the superimposed 

rotation, while - , _ ,, 

Ji=kh. 

In the limit where n and k are very large compared to the 
differences («-«') and (ife-ft') in the two orbits contemplated 
E-E' dE (5/„^ dK , ,, 

h ^ ""/f ^ 


By the correspondence principle such a transition is m general 
conditioned by the presence of frequencies (»-«') and {k-k') 
in the orbital motion. We see, therefore, from (15) that, 
while (»-«') can have any whole number value, = ±i. 

In other words, the only energy differences possible in (14) 
are those between terms for which k, the azimuthal quantum 
number, differs by 1. It may be noticed that in the hydrogen 
spectrum, where, on the pomt of view represented by the corre- 
spondence principle, there is only one quantum number, n, 
not only do all the term sequences degenerate into one sequence, 
but the condition which limits the choice of pairs of terms loses 
all significance, and lines corresponding to the difference of any 
two terms arc possible 

The selection rule AA— - .hi, where AA denotes the difference 
between the value of the k in the initial and in the final orbit, 
implies, of course, from its method of deduction, not only that 
there is no interchange of energy between core and optical 
electron, but also that there is no exchange of angular 
momentum. 

The usual senes are given by transition between P and S, 
S and P, D and P, and F and D terms. Hence k must differ 
by + 1 or - 1 for any two senes of terms here paired together, 
which agrees with our allotment of ^=1, 2, 3 and 4 to S, P, D 
and F A reason for the allotment was, m fact, that the 
correspondence principle necessitates k changing by i as we go 
from one term sequence to the next. 

It is instructive to contrast the case of the orbits as modified 
by the non-Coulombian central field of the atom itself with 
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that of the orbits as inodiiiod by an external magnetic held, 
since in both aiscis the result is a uniform rotation of the 
perihelion, ('.orrosponding to A/e- 1 i we have, on the corre- 
spondence principle, a circiilarly polarised radiation, the rota- 
tion being in the one sense for Ak - -I i and in the other for 
Ak- - I. In the case of tlu‘ Zeeman effect the miposed rota- 
tion is about a Jixed diretdion, parallel to the magnetic lines 
of force, for all atoms, and therefore the stati.stical result for a 
large number of atoms is circularly polarised light of two 
different frequencies, corresponding to A/e . hi and to Ak - - r* 
the sense of the polarisation being opposite in the two cases. 
In tlu' case of the atomic lield, the imposed lotation is about 
an axis normal to the plane of th(‘ orbit itself, and the diiection 
of the plane of the oibit is distributi'd at random among the 
dillercnt atoms in any actual body of luminous gas. lienee 
taking Cither Ak=-- ■] i or Ak- -i, the rotation coriesponding 
to the polarisation is as likely to be m the one sense as m 
the other when the average is taken over a large number of 
atoms. The radiation is unpolarised Of course, transitions 
foi which A/er-+i and for which Ak- -i coriespond to 
lines of different .senes In the Zeeman ellcct, since any com- 
ponent of rotation in the plane containing the diiection of the 
field is unaffected by the lield, we can have transitions corre- 
sponding to Ak o, winch are obviously impossible m the case 
of a centrally symnudrical lield 

The application of the correspoiulem-e principle which has 
been considered in this section is sometimes called the Selection 
Prmciplc {Auswahlpnnnip or Ainneahlrcf'cl), or, since that 
expression may be extended to cover the selection of terms 
involving other quantum numbers, the k Selection Principle 
{k-Auswahlrc^cl). It is worthy of record that a first attempt 
in this direction was made by Rubmowicz from a very different 
point of approach. He developed somewliat complicated 
considerations of the moment of momentum of the emitted 
spherical electromagnetic wave, which is connected with the 
moment of momentum of the atom itself by the conservation of 
moment of momentum, a principle whicli, with the conservation 

* The second quantum number was called «// wlxcn we were discussing the 
Zeemann effect : it is now called k to emphasise the analogy. 
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of energy, has survived the relativistic reforms.* It is the 
azimuthal quantum number which is involved in the evalua- 
tion of the moment of momentum of the atom. Putting the 
change of moment of momentum of the atom equal to the 
negatived moment of momentum of the emitted spherical wave, 
without in any way considering the machinery by which the 
transformation of momentum is effected, it is found that 


. , aab sin y 


where a and h give the amphtude of the two mutually normal 
components of vibration m the wave front (or rather in the 
substituted Hertzian oscillator), y the difference of phase. The 
expression on the right cannot exceed i ; A^, the change of 
azimuthal quantum number, cannot be other than a whole 
number ; and therefore we have the following possibihties : 


7 % 

A^=±i; 7=±-» 

which corresponds to circularly polarised light, 

AA!=o , a=o, or 6=o or y=o, 

which gives linearly polarised hght, either along b or a, or 
bisecting the angle between a and b. 

Returning after this brief digression to our application of the 
Correspondence Principle, we have seen that the assumption 
of a centrally symmetrical atom field led to the A-selection 
rule, namely AA = ±i, and, conversely, the satisfaction of this 
rule might be considered as strong evidence for the centrally 
symmetrical nature of the atomic field However, while the 
rule IS obeyed by the four chief series (and also by the G series 


• With regard to the conception of the moment of momentum of a wave, 
it IS well known that hght exerts a pressure Again, on the relativity theory 
energy possesses inertia, and hence light has inertia Both theoiy and 
expenment indicate, then, that to radiation must be attnbuted momentum. 
The electromagnetic moment of momentum per umt volume at a given point 
of, say, a spherical wave is given by the vector product of the momentum G 
(proportional to the Poyntmg vector or flux of energy), and the radius vector y 
from the centre of the wave to the point, and, for the whole sphere it is 

N=j [rG] dr, where dr is an element of volume, and [yG] the vector product 

of the two vectors. In general the direction of the momentum G does not 
coincide with that of the radius vector y, and N has a non-vanishing value. 
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discovon'd by Kasdiou and by A. b'owler) tluTc arc certain 
combination lint's, found experimentally, for which AAr-o, and 
others for which AA 2, The lines of tlu! sodhun spcctnim dis- 
covered in iQo.l by Lenard during his investigation of the arc 
arc examples of AA 0, being represented by iP - nP (h'owler’s 
notation) .♦ Lines recently found by I'oote, Mohler and Meggers 
in the spectra of sodium anti potassium, and also by Datta 
ft)r potassium, are rci)resentetl by i.S’ 3/L anti consequently 
ft)r them AA • -2. These combinatitms appear in t'ircumstanccs 
which may be called exceptional, in gt'nenil in the i)rcsenco of 
either a strong electric Held or a strong magnetic field. In 
either of tho.se cases new constituents are introthicctl into the 
harmonic motion, and the po.s.sibility tif fre.sh ctnnbinations 
follows from the ctirrespondence principle. In the case of the 
lines discovered by Foote anti his collaboi ators theie is no 
applied electnc licltl, but the cun cut density is very high. 
The experimenters suggest that the mteratdion of atomic 
lields of neighbouring atoms, presumably ionised to a high 
degree, is re.sponsiblc for the appearance t)f the new lines. It 
is noteworthy that hlansen, Takamino, and Weiner have 
obtained in the case of mercury a ceitain hue, foibidtlen by an 
extension of the selection principle, by apjilying a magnetic 
held. 

Goneral Scheme ol Spectra. Tht' tpiestion t>f multiplet 
stnicture of spectra, tt) which reference has been made in the 
Digression on Optical Spectra, will be treated in ('haptcr XV., 
but it is now necessary to take a prehminarv glance at the 
problem oi the representation of actual spectra by terms For 
if we are to consider in any detail the behaviour of, for instance, 
the alkali metals, which have doublet scries, or the alkaline 
earths, which have triplet senes, wc are forced to take account 
of the separate components of the doublets and tnpicts. The 
% levels have to be divided into various sub-levels, and the 
limitation of the transitions between these sub-lei'cls by a 
selection pnndplc is a very important feature of modem 
spectral theory, to which we sliall frequently appeal to account 
for observed peculiarities. 

* Actually by 17c -mtc, since the tcmis are double, and so Greek letters were 
used by Fowler in his Report 
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In addition to n and k a third quantum number j is invoked, 
to specify the sub-levels: it is called the inner quantum 
number, and was first introduced by Sommerfeld acs a number 
which could be allotted empirically to certain terms, in such a 
way that a simple selection principle, govermng the changes 
of j in possible transitions, gave results in agreement with 
observation. Attempts have been made to give j a particular 
meamng in the atomic model, and we can go some way in this 
direction. It is essentia] to Bohr’s theory that the quantum 
numbers should each be coimected with some periodic motion 
in the atom. Thus n is connected with the periodic motion of 
the electron in its orbit, k with the periodic motion of peri- 
helion ; extending the scheme, j is connected with a preces- 
sional movement of the plane of the orbit. This plane mustj 
then be assumed to be inclined at a fixed angle (p to some axis 
about which it rotates Obviously if the core has sphencal 
symmetry, and exerts a purely central force on the optical 
electron, there is no reason why this angle should have one 
value rather than another , the energy of the system is the 
same for all values of <p We must assume, in older to get a 
third quantum number ], that the core itself has, as a whole, 
an angular momentum about some axis, and that there is 
some Idnd of coupling between core and optical electron, as to 
the nature of which we cannot profitably speculate at present. 
Once we have in the atom a preferential axis we have some- 
thing with respect to which we can impose a further quantum 
condition • we can, for instance, take the total angular 
momentum of the atom — core + optical electron — which will 
be found ,by compounding vectonally the angular momentum 
of the core and of the electron, and quantise it, by putting 

jh 

total angular momentum = — . 

Since, attnbuting a fixed angular momentum to the core, this 
total angular momentum will, for a given angular momentum 
of the electron in its path, depend upon the angle tp, we 
are, in effect, quantising the orientation of the plane of the 
orbit with respect to the axis of the core, or with respect 
to the total a-ngular momentum * we restrict the inchnation 
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to a few definite values. This gives u.s our third qnantuni 
condition. 

In h'igure .L‘1/1.1 is tlie piano of the orbit, the vector (>1), 
representing the angular inoinentum of the. electron in its 
orbit, being inclined at an angle (/.< to ()(\ the direction of the 
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Atomic scheme wheie loie has inoiueut of luomentum 


vector repre.sentnig the angular momentum ol the core The 
plane processes, rotating round 01), the axis ol total angular 
momentum, as reprc.S('nted by PQ, while the electron circulates 
m its orbit with motion of perihelion tp is re.stnctcd to have 
one of a few di.sc.rete values. This is Sommerfeld's “ space 
quantisation ” Of cour.se, the preferential direction necessary 
m order to carry out such a space quantisation may be supplied 
either by a field of force within the atom, as in the case just 
considered, or by an external electric or magnetic field, as in 
the case of the Zeeman or Stark effect. In the case of the 
Stark and Zeeman effect we took as the orbit of the electron a 
Kepler ellipse (one quantum number only) and the second 
quantum number was introduced by what is virtually a space 
quantisation with reference to the direction of the field of force. 

This brief description of a mechanical model has been given 
to reconcile the reader to the introduction of the inner quantum 
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number. The inner quantum number must express a coupling 
between the core and the electron which is capable of being 
effected in a finite number of different ways, a different 
energy of the whole atom correspondmg to each way, so that 
we can have different term values for the same n and k. The 
model gives a pictorial representation of an imagmary mech- 
anism by which this can be effected. The problem is furthei 
discussed in Chapter XV., where the quantisation of the moment 
of momentum of the core receives discussion. It must be said 
at once, however, that this model cannot be maintained in 
detail, and must be considered rather as a mnemonic than as a 
mechanically vahd system. It must also be remarked that we 
are forced later to attribute to j in certain cases values which 
are whole number multiples of i.e. to put j =^, |, |, -I, . . . 
instead of i, 2, 3, 4, ... , and to modify the values chosen for 
k similarly We are here reaching a stage when the theory 
is obviously not very happy, and needs some drastic modifica- 
tion For the moment, however, since we are only going to 
deal with differences of two values of j, it will not matter 
whether we take half-odd-integral values or integral values. 
It also does not matter for our present purpose exactly what 
mechanical meaning is to be attributed to j we can treat a 
value of ; as a label serving to distinguish a given level, so 
chosen that the selection rule which we are about to discuss 
gives results agreeing with theory. 

We have seen that the selection rule for the k’s is that k can 
change by i or - i in a quantum switch. The rule found to be 
vahd for the/s is that a quantum switch is only possible if the 
values of j for the initial and final orbits differ by i, or by 0. 
We can expre.ss the limitations imposed by the selection rule 
as follows 

PniKipnl A/imuthal Innor quantum niimbor 

n—y}i', k , ]~r] 

-^k-i 

It must be further noted that the particular transition j =0 
toy'=o (permitted by the rule;'-y=o) is excluded. Using 
the model given, the selection principle for the j’s can be 
justified by the correspondence principle. If the frequency of 
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the electron in its iwriodie oibit be o), and the fre<]nency of the 
sni>eqv)S('<l rotation in its own ])lano which givi‘s the motion of 
perihelion 1k’ <r, then the motion is represented by * 

^ 1 1 cos {«2nr (r«) 1 <r)t -I y,, , , } . 

Now let the frequency of the. pret'essional motion of the plane 
of the orbit be p. If ^ is the component of the motion parallel 
to the a,xis of precession it will obviously be nnaffected by the 
precession : on the other hand »/. u component normal to the 
axis of the ])re(:ession, will have a single ad<Ie<l frequency p 
owing to the uniform circular rotation, 'riiis frequency will 
have to he added or .subtnicted according to tin* direction of the 
preoes.sion. Accordingly we hav<‘ 

I , I cos <T)t -I y,. ,1 1 (i6) 

1 1. 1 1 cos { 27 c{rm I <r 1 />)/ I y,. , | (17) 

A quantum switch from an orbit chaiacteri.scd by j to one 
characterised by / is conditioned by the occurrence of a har- 
monic term (j'-j). Frtim (ib)/-7--o, from (17)/-;-" -l.i. 
Now in an actual .source the axes oi the (“ores must be oriented 
at random for the various atoms, so that we receive light 
corre.spondmg to both (16) and (17). Hence wo have the rule 
alrc'ady laid down. 

Wc can sec from gciuTal reasoning that the particular transi- 
tion y-o to j -o IS excluded, as already mentioned. For 7=0 
means that the angular momentum ol the core and of the 
electron arc equal and coUincar, but in the opposite sen.se 
Since k must cbaiigc m a transition the angular momentum of 
the electron must change, while that of the core is constant, 
.so that after a transition j can no longer be zero. 

Notation. As wc arc now attempting the dLscussion of 
spectra containing doublet or triplet .series the notation of the 
Digression, Chapter Vfll., which provided for a single term for 
each value of » in a given series (principal, sharp, diffuse, or 
fundamental) is no longer sufficient. The question of notation 
is, unfortunately, still in flux, and wc may say, in the words of 
Russell and Saunders, that the present state of notation for 
spectroscopic terms is chaotic. In the first place, as has been 

* CI, fomiiila (27), i)agc 252. 
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pointed out already, the serial number n is assigned differently 
by different practical spectroscopists among themselves, and 
again differently by Bohr. This, however, is a comparatively 
minor point, which we can postpone. Turning to general 
notation, and taking first the doublet terms, Fowler used in 
his Re-port little Greek letters with suffixes. Thus for first 
terms of the ^arp, principal, diffuse and fundamental 
sequences {k = x, 2, 3, 4) Fowler wrote lo- , itii ; 2d', 26 , 
399 ; the It and d terms being double.* % refers to the stronger 
component, to the weaker one, and similarly for triplets the 
lowest suffix indicates the strongest component. For the same 
terms, Paschen and Sommerfeld use ordinary little letters, 
and write is ; 2p2, ; 3^2. S'^i ; 4/* Recentlj^ Russell and 

Saunders have put forward a new notation, which is here 
adopted. 

We use the letters S, P, D, F for the terms of the four mam 
series, whether singlets, doublets, triplets, or multiplets of 
higher order. The serial number is written before the letter 
The degree of multiplicity of the system is indicated by an 
index on the upper left hand of the letter ; thus a doublet term 
is indicated by the 2 in The different terms belonging, in 
the case of a multiplet, to the same value of n and k {i.e. to one 
serial number in one sequence) are indicated by writing the 
value of j, the inner quantum number, as a subscript on the 
right Thus the leading P terms in a principal doublet series 
are wntten i^Pj, i^Pg ; m a principal triplet series i®Po, i®Pi, 
i®P2. The notation has the great advantage that only one 
kind of letter is used, and that the system is recognised at 
once by the figure giving the multipliaty The space on the 
upper right-hand side is left free for any further indices that 
may be necessary. Of late Fowler has adopted a similar 
notation, using, however, little letters instead of capitals. 

For conversion a table comparing the various notations is 
given. It is particularly to be noted that the order in which 
the suffixes distinguishing the vanous terms of a multiplet (t.e. 
the lower right-hand figures) run from term to term is reversed 
in the new notation, as compared to the older notation, Thus, 

I 

* Later he adopted Si in place of S', S. 

•f Read “ doublet P,” 
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for lh<‘ (loiibU'ls, 1.T2 N 18/',, i.T, IK i 8/*3 : for llio friplols tlio 
sulliM'S j, 2, 1 Ixronu* (►, i, 2. 

Tlu! notaliou of Lau<lo is also inchulod in tlio table, for 
comparison. lamtlo donotos a l<Tin l)y "ij' whore n is the' 
principal (piantntn nnmbor, / is tin* multiplicity of the term.* .. 
A disad\anta^o of this notation is that the main symbol is the 
n, about the allotinont of which tlic greatest <Uvergencies cxi.st. 

TAHI-K OK SI>IC<THOSe<>l>U' NOTATIONS. 


Sv^toiu. 


Singlets 


Doubli'ls 

(K,) 


Tiipluts 


t 


I'.IM llftl 

Kttsscll .111(1 

”*;• j 

Kowl< I. 

StilllllKMlt 1<I 

Stiiuul(*is 

ll.. 

iS 

iS 

I'.S, 

■I.',, 

iP 

2r 

iU\ 


j/i 

.v> 

i‘/S 

-ill 


1/' 

3 '/', 

•1?. 

Kr 

IS 

I».s 

-li!. 

lira 

-J/'a 

l>/>, 

-I.X 

iTTi 

^l>i 






5 rt 


.Wi 


lb (; J. 1 ) 


1/ 


^1, 

IS 


1 ‘.V, 

1 




• 1 ::. 

i/»a 

2/>a 

!»/', 

-In 

>/*i 

-S/’i 

l»/’s 

ll. 


V/.J 


.5 1.4 

SfP, l<fg 


I-*/!, 

. 1 !, 

l(f. uii 

Mil 


'll. (/ 1 ) 

1/ 

1/ 



Optical Absorption. Valuable infoiniatiou a.s to the quan- 
tum mechanism and the stationary states can be won by 
passing radiation through a vapour or gas, and observing 
the conversion of the energy of radiation into energy of the 
optical electron whicli takes place in a quantum switch, of 
which the ionisation of the atom is an extreme case. This can 
be done by studying tlie selective absorption of the radiation 
by the vapour, since if a given frequency is missing in the 

■* The core quantum numl)cr (bop Chapter XV.). 
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transmitted radiation we have evidence of its conversion. We 
proceed to consider the particular way in which absorption 
measurements can be interpreted in terms of stationary states. 

By the fundamental assumption of the quantum theory each 
series represents a succession of transitions from various possible 
quantum orbits to one and the same final orbit, and we know 
from our consideration of the empirical laws of hue spectra 
that at least three such final orbits, pertaining to the terms 
iS, iP and sD commonly occur for each spectrum which an 
atom can emit. Of these only one can be the most stable 
orbit, that is, the orbit which the optical electron occupies in 
the unexcited atom, and it is very important to know which 
this orbit may be. It is to be assumed that the largest term 
which occurs in all the series corresponds to the most stable 
orbit, since for it the work of remo\ang the electron is greatest 
(« e. the term pertains to the stationary state m which the atom 
has least energy). For this term to be known, however, the 
spectrum must have been ordered and satisfactorily analysed 
into terms, and, fuithcr, the possibility has to be considered 
that there may be an unknown term, involved in the emission 
of unobserved lines in the extreme ultra- violet. It is desirable 
to have a direct o.xpcrimcntal method of detei mining the 
normal orbit of the optical electron, and such a method is 
afforded by the absorption spectra of cold or unexcited gases 
or vapours Taght passing through such a vapour finds the 
atoms with all tlieir optical electrons in their normal orbits if 
it contains trequcncies corresponding, by the quantum relation 

hvrp—Ej^. 

to transitions from the normal orbit to other possible orbits, 
i e. orbits for which k differs by unity, then light of these 
frequencies will be absorbed. All the lines of a senes whose 
greatest term corresponds to the normal orbit will be absorbed, 
but the lines of other senes, whose greatest term corresponds 
to electron orbits not occupied in unexcited atoms, will not 
appear as absorption lines The fact that only certain of the 
emission lines appear in the absorption spectrum of non- 
luminous vapours has long been known as an experimental 
fact, which appeared inexplicable on the older spectral theoiies. 

A.S.A. U 
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Tlio flection ejectetl by the incident li^ht from the normal 
orbit cannot, ol course, so lon^? as it remains in tlm atom, 
occupy any final orbit other than one of the (piantiscd orbits; 
Its final energy is tied down to certain discrete vahies, and we 
get lines, and not a continuous band, in absorption. If, however, 
the freqiu'ncy ol thi* incident light be so great that the electron 
is thrown right out of the atom its final energy can have any 
value, since then* are no limits imposed upon tlie kinetic energy 
with which the electron leaves the atoiii. Radiation of any 
frecpiency great<‘r than that retpun'd just to ionise the atom 
can therefore be absorbed, and we should e.\pect a continuous 
absorption band, eNtcnuling from the limit of the series 
of absorption lines in the direi-tion of dmmnshing wave- 
length Such an absorption ban<l was first observed by 
K, W. Wood foi sodium vapour, and has been further studied 
by Holtsmark. 

As examples oi the absoiption by non-luminous vapour the 
experiments of K. W Wood and h'ortrat on sodium vapour 
may be quoted. With a column of sothum vapour 2 8 ra. in 
length, and a spc'ctrograph ol veiy high dispersion (at the 
limit of the .sodium P series, A 2414, one Ang.stiom unit was 
representeil liy j 5 mm on the plate), th('\ obtained 58 niembeis 
(doublets) ol the pimcipal series i“.S’, - (y--i,2), and 

members ot the piiiK'ipal siTies only. i®.S', i.s clearly the basic 
term It has been sliouii with the other alkali metals and 
alkaline earths by R. W'. Wood, Mcheiinan and otlieis that the 
only absorption linos wliieli appear with non-himmons vapours 
are lines ol the ]jriiicipal senes Results have been obtained 
with elements ol other columns of the periodic table winch will 
be coii-sideicd when the table is discus.secl. 

In certain circumstances, however, it is well known that lines 
which do not belong to the jinncipal senes can appear as 
absorption lines. The lines of the Balmer scries appear sharply 
reversed in stellar spectra, and Hartmann has observed a con- 
tinuous absorption band at the limits of the Balmei scries in 
the spectnim of stellar hydrogen. Tlic Balmer series, how'ever, 
for whicli the final orbit is a »' =2 orbit, does not correspond to 
a return to the most stable orbit ; it is the Lyman scries for 
which the limit corresponds to the stable ii orbit. Again it 
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is not only the principal scries which appears reversed in arc 
spectra : lines of other series are commonly reversed with the 
arc under ordinary conditions.* The quantum theory explains 
at once how it is that Ittminotis vapours or gases can absorb 
other lines than those which, in emission, correspond to a 
return to the normal orbit. For if an atom happens to be not 
in the normal state, but, owing to exating causes, in some other 
stationary state, then incident radiation of suitable frequency 
can cause the electron to move from the orbit which it happens 
to occupy at the moment to any other orbit permitted by the 
selection principle. Corresponding to this there will be an 
absorption line of the seiies for which the initial orbit in this 
absorption process is the final orbit in the emission process. 
There is therefore no difficulty m seeing how a luminous 
vapour can absorb all the emission lines ; such is the case with 
the arc reversals, and with the Balmer series of absorption lines 
produced by the very thick layers of luminous hydiogen which 
are effective in the stellar spectra. A reversal of was 
produced in the laboratory by Pfluger in 1907, and sub- 
sequently Ladenburg and Lona were able to reverse both 
and by means of a hydrogen tube at low pressure electn- 
cally excited. K W Wood has demonstrated the absorption 
of in the laboratory with a long discharge tube. The 
presence of such absorption hues, then, is not in contradiction 
to the quantum theory, but to confirm the mechanism fully it 
would be desirable to produce absorption lines deliberately (in 
contrast to the arc reversals, which are fortuitous) in the 
laboratory in the following way Let a long column of vapour 
be excited by electrons of velocity ]ust exceeding the first 
resonance potential, so that a comparatively large number of 
atoms may have an electron in a stationary state next above 
the normal, e.g. the 2®Pi state for the alkali metals This tube 
should then emit only the one line corresponding to the reson- 
ance potential, but when light is allowed to traverse it, it should 
absorb the whole senes based on the 2®Pi orbit, i e. the sharp 
and diffuse senes. Such an experiment is very difficult to 

* Reversed lines make their appearance as narrow black lines down the 
centre of the emission hnes, the emission hnes being broad owing to the greater 
heat of the middle region. 
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carry out : tlio column ol vai>oui must be lon^, and tlic 
bomi)anliuc.nl intense, since, as will be discussed a little later, 
Fouhr'n 

mhilYim noJ-oNon 



Fig. 50. 

Energy level diagram for the neutral mercury atom. 

the electron does not in general remain long in the stationary 
states other than the normal. However, certain experiments 
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have been carried out whidr approximate to these conditions, 
among which we may quote those of Metcalfe and Venkate- 
sachar on mercury vapour. They have shown that mercury 
vapour at low pressure, made very faintly liuninoiis by the 
passage of a small current, absorbs strongly the lines 

l8Pl-l8Si, l8Pa-l3Si, I»Ps-I®Si, i*Pi-a8Si, i*Pi-a®I>8. 
The mcclianism by which these lines can be absorbed can 
be best understood by a study of Fig. 50, in which the 
energy levels of some of the terms of high wave-number 
of the arc spectrum of merairy are shown. In order to 
space out the lower terms somewhat, which are crowded if 
the distance between the levels is plotted on a scale of wave- 
numbers, the wave-numbers are plotted on a logarithmic 
scale. The low current means that there is comparatively 
httle ionisation in the vapour, as is to be further expected 
from the small potential difference (some 30 volts) between the 
electrodes, so that the arc spectrum is very feebly developed, 
but slow electrons, whose velocity is below the ionisation 
potential and above the first resonance potential, may be 
supposed to be present in comparatively large numbers. The 
first resonance potential of mercury, directly measured by 
Franck and Hertz, and later by Mohler, Foote and Meggers, 
IS 476 volts, corresponding to Z 2537 , * hence the resonance 
potential electrons laise the optical electron from its normal 
level to the i^P^ level, as can be seen from the chagram. Atoms 
with a i®Pi electron are in a position to absorb AA4358, 3132, 
3126, lines which are in tact found to be particularly strongly 
absorbed in these experiments, the final level being respectively 
2®/)^ and 2®£>2. From 2®£>2 the electron can return to 
i®P2, emitting ^=3655, but it cannot return from i®P2 to 
such a transition (Aj = - 2) not being a possible one on theoic- 
tical grounds, confirmed by experiment. ’ The atom, therefore. 


* Avp=s4 76 X io ‘ X 1-59 X 10-*®. 


\ _£ _ 6-54 X IQ-** X 3 X IQ*-® 1962 

~ Vr ~ 476 X I 59 X 10-*® “476x159 


X 10“® cm. =2592 A.U. 


The experimental error m the determination of the resonance potential is 
about 2%, so that the transition produced by the resonance potential clearly 
corresponds to the well-known line X 2537* The computed value of resonance 
potential to correspond to X 2537 is 4 86 volts. 
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remains in iho so-oallcd metaslablc state (to be further con- 
sidered in the last section of this chapter) until incident radia- 
tion transfers the electron to a higher level. A transition from 
to 2®.S'i corresponds to absorption of which is 

naturally vciry strongly absorbetl : other transitions from 
corre.spond to lines which are also observed as absorj>tion lines. 
A return from to with emission of A 4047, or from 
a'tS'j to i®i\, with emis.sion of A 28(^4, puts the atom in another 
metastablc state, in which it can absorb A 2967, as can be seen 
from the figure. This line is also strongly absorbed. It is 
clear, therefore, that, on the quantum theory, the putting of 
atoms in the iy\ state by low velocity tdectrons enables the 
vapour to absorb strongly just those hues which aie actually 
observed. On the other hand, lines W'hosc basic term is 
are not observed as absorption lines, winch indicates that the 
second resonance potential, Cy4$ volts,* is not attained by the 
electrons. This is to be e.xpccted, since at the i>iessure which 
prevails in the vapour tube a velocity oi a few volts is only 
attained in a length of path which iinolvcs several collisions. 
As long as the collisions aic clastic, the velocity of the electron 
continues to increase as it jiroceed.s, but as soon as it makes an 
inelastic ciJlision, as it (Iocs once it has attained the first 
resonance velocity of 4*7() volts, it loses its velocity and has to 
start again. Thus it is extreinely unhkelv that an electron will 
ever attain a velocity of 6-45 volts under the conditions oJ this 
e.xpcriment 

It may be asked why the incident ladiation ol ^2537 docs 
not raise the electron from i‘.S'„ to in the cold vapour, 
quite independent of picliminary excitation by electrons No 
doubt it docs in a few atoms, but with the intensity ol illumina- 
tion and the pressure prevailing in Metcalfe’s experiment the 
number so excited must be negligible. However, by making 
the illumination very intense this effect can be produced, when 
the whole arc spectrum of mercury should be produced in the 
vapour tube. 

A very instmetive experiment on these lines, in which the 
preliminary excitation was purely optical, has been carried out 
by Fiiclitbauer with mercury vapour, in which the mechanism 

* Co3nt>iited value 6 * 6'7 veils. 
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outlined has been beautifully confirmed. A tube of mercury 
vapour at low pressure was irradiated by light from a mercury 
arc : to obtain the radiation m sufficient intensity the mer- 
cury lamp was made up so that the discharge passed in the 
space between two coaxial tubes, and the plain cyhndncal tube 
containing mercury vapour was placed axially inside the inner 
tube, as diagrammatically illustrated in Fig. 51. All the tubes 



Fig 51. 

Fuclitbaucr’b dispositioii for exciting mercury vapour by irradiation. 

were of quartz glass. When the pressure was suitably adjusted, 
the vapour emitted with some intensity all the arc lines of 
mercury, under the stimulus of the radiation alone. When, 
however, a thin glass tube was inserted between the lamp and 
the vapour tube the emission ceased. The explanation is not 
far to seek. The atoms in the vapour tube, whose normal 
state IS characterised by the term 11.S0, can only be excited by 
some radiation whose basic term is There are two senes 

of lines m the radiation from the mercury lamp which involve 
this term, namely the pnncipal singlet .senes and 

the inter-system combination series the observed 

lines of these senes being AA1850, 1403 and AA2537, 1436 
respectively (See Fig. 50 The term which gives 

A 1403, IS not shown • it is v 12889 close to 2®Z)i ) Of these the 
fused silica transmits only A 2537, while glass absorbs all the 
lines. Hence, when there is no glass between the lamp and 
the vapour tube, the incident radiation causes transitions from 
to i®Pi in the cold vapour, which is then prepared to 
absorb any hne in the series for whicli i*Pi is the limit. In 
this way the atoms can be set in a variety of stationary states 
by absorption of arc lines such as i®Pi - »®Si, return from which 
to the various possible states of smaller energy is accompanied 
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by the*, ismissioii of arc lines. 'Fha proecss can be followed out 
in detail with the aid of !'%■ 5 <>. When, however, glas.s is 
inserted between the huni> and tlie vapcnir tnbe A 2537 is cut 
off, an<l there is no inonlent radiation which can initiate the 
necessary preliminary step of transference from i^ 5 (, to i®Pi. 

1 lence none, of the other line„s is absorbed, and in consequence 
there is no sulxsoquent cnns.sion of arc lines by the vapour. 
There seems to bo no way of explaining this effect, which 
follows so directly from the quantum theory, on the classical 
th(!ory. 

So far we have discussc'd ca.ses in which the absorption 
spectra have bci'u u.sed to confirm the quantum mechanism 
already ('laborated Iroin a consideration ol the optical emission 
spectra. I lowcver, the absorption specti a can be used not only 
to cheek results, but aLso to disentangle spectra winch have 
not been ordcrcil, since they give direct inlormation as to the 
lowest optical level, and imieh work is now being cairied out 
on these lines. Before leaving the .subject, the work ol tlrotiian 
on absorption spectra of elenicnts ol the third column may be 
mentioned, siiuv it will lie needed for lefeieuec in Chaptei XIV 
lM)r alummiaiii, galliuni, indinni and thallnim the optical spectra 
indicate tliat not a ®.S' loim but a teim is llic nonnal level, 
but the question an.ses as to wbetlicr Joi the.so group 111. 
earths an unknown ®.S’ term, greater than the teini, may not 
exist, which might be in\olve<l in unobserved emission linos 
lying in the extreme ultra-violet. (Irotiian .sliowed, however, 
that the absoi-ption spectia of unexcited thallium and of un- 
excited indium vajxmr consist of lines not of the principal 
series, but of the two series based on the term sliowing 
that is the nonnal level. Another very interesting point 
arises in connection with tlicse experiments The tenn i^Pa 
is but very little less tluin (eg. 44455 and v -46667 
respectively in the case of iudiimi), but a transition from one 
term to the other by absorption or emission of radiation is 
excluded by the k selection rule. 'However, the energy dif- 
ference being small, it can be supphed to the atom by the 
kinetic energy of impact of auotlier atom (or, m the case of a 
transition corresponding to a loss of energy, it can bo trans- 
ferred from the atom as kinetic energy at impact). Now 
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Grotnan was able to show that on heating the vapours absorp- 
tion lines appeared corresponding to an initial level and, 
further, that the diJSerence of the temperature at which the 
two different series of lines corresponding to the initial levels 
and i^Pa appeared was greater the greater the difference, 
spectroscopically deduced, between the two levels. 

Nature of Emitters. Duration of Excited State. Since the arc 
spectrum is caused by quantum switches of the optical electron 
in an atom which has its normal number of electrons, or in the 
extreme case of the series hmit by the return of an electron to 
replace the optical electron removed in the excitation process, 
the atom at the moment of emission of an arc line must be 
neutral. It may be recalled that Lenard, many years before the 
enunciation of the quantum theory of spectra, put forward the 
assumption that the return of a displaced electron to an atom 
was the cause of light emission, a conclusion which he reached 
as a result of the study of the electneal properties of flames 
and phosphorescent solids. In the case of the spark spectra, 
however, the atom has already lost an electron before the 
excitation process (in the extreme case, perhaps, the two 
electrons may be simultaneously detached in the excitation 
process, the leturn of one only accompanying the emission), so 
that at the moment of the emission of a spark line the atom 
should be positively charged 

Wicn has verified this fundamental feature of spectial theory 
by direct experiment, using for the purpose the canal rays, in 
the manipulation of which he has long shown such skill The 
rays aie projected through a narrow sht into a space kept, by 
means of powerful high vacuum pumps running continuously, 
more highly exhausted than the bulb in which the rays are 
produced. There is, of course, a slow leak of gas from the 
discharge tubes, where a pressure of a few thousandths of a 
millimetre of mercury is necessary in order to maintain the 
discharge, through the sht into the observation tube, but 
modem pumps can remove small quantities of gas so fast that 
there is no difficulty in maintaining a very high vacuum.* In 

♦ This device of maintaining a slight ditference of pressure between two 
vessels communicating by a narrow opening was first used by Wien in iqo8 
in his investigations of the alternating charges of the canal rays. 
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the highly cvaciuiicd spare the rliarged partirlos Iravcl large 
distancos without a collision, and conscquonlly do not siiffcr 
changes of chargi! on their way through the vessel, lire lig]\t- 
emilting atoms, aftoi traversing the slit, form a narrow beam 
which passes hetw<H‘n tins plates of a small ('ondenser which 
can be chargtul at will to potentials of tlu' onU'r ol looo volts : 
the clee.trie iield so C'stablishe<l dciviates charged jrarticles, but 
of conrso loaves neutral particles unalfei'ted. llie beam is 
examined with a .slitless spectroscope, an image of the beam 
itself, which is .sliaip ami comparatively narrow, being formed 
by an achromatic Urns to take tin* place of the slit liach line 
in the .speetnnn .so foimed, then, tells us of the behaviour of the 
emitter of that particular line in the elecliic held if the line 
is bent in comparison with the .same line taken with the .same 
di.spo.siti()n, Init no iield, then the emitter must he charged. 
Wien found that with the Balmei lines of hydiogeii the field 
had no effect, but that, in the case' oi oxygen, lines known to 
be spark lines were dellecled, while lines ol the arc spcctnim 
were not. Similar results wore obtained with one oi two other 
gases, confirming by ilirect (“xperiment our beliel that during 
eiui.ssion the atom is neutral in the case ol arc lines, and 
positively charged in the case ot .spaik lines 
A question ol great impoitauce now aiuses lor consideration. 
We know that as a prelimiiuiry to excitation an electron is 
removed from its normal po.silion to a higher quantum stale, 
and that from this slate it reluius to llie normal state with 
cmi.ssion of raduition So far we ha\e, however, said iiolliing 
about the tune whieli it spends ui the higher stationary state, 
or, in other words, about tho hlc ol the c.xcited atom This 
point has been the subject ol extensive researches by Wien, 
who has been followed by Dempster and others 
Wien's method is to observe the luminosity oi diflercnt 
points of a line beam ol canal lays obtained iii a highly 
evacuated space by the method just described. The beam is 
brightest just when it issues from the fine aperture, and dies 
oft in luminosity as it proceeds until it becomes imperceptible. 
By photometric measurement with a wedge device Wien finds 
that the decay of intensity follows accurately an exponential 
law. The pressure in tlie space traversed by the beam is so 
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low til at, once an atom has returned to its normal state, the 
chance of an impact which may re-excite it is exceedingly small. 

On the classical theory this dying out of the beam would be 
explained by supposing the atoms to contain vibrating systems 
which arc damped, so that the emission of a given line becomes 
fainter and fainter as time goes on at exactly the same rate in all 
atoms. We cannot admit this picture in the quantum theory, 
but must rather suppose that the atom remains m an excited 
stationary state for a finite time. Of a large number of atoms 
existmg at a given instant in this state a given fraction must be 
assumed to return to the normal state in a given time interval, 
just as of a number of radioactive atoms a given proportion 
breaks down in unit time. This assumption gives an exponen- 
tial falling off of light intensity indistinguishable from that 
predicted by a classical theory, but the effect is a statistical one 
on the quantum theory * Again, whereas on the classical 
theory to fit the experimentally found exponential law we 
are forced to assume that the life of the exated atom is 
neghgibly small, on the quantum theory we have to suppose 
that the time during which the emission takes place, t e the 
duration of the actual quantum switch, is neghgible compared 
to the average life ol the excited atom. This is a point of 
some importance since Einstein, in his theory of radiation, 
makes this assumption, wlucli has been criticised. Wien’s 
results oiler an experimental confinnation of it, if the quantum 
theory of the phenomenon be accepted we sliall, of course, 
adopt the quantum explanation, although Wien himself dis- 
cusses his results in terms of the classical theory 

On the quantum explanation the number n, of excited 
atoms existing at any time is given in terms of the initial 
number by the formula 

where t is the average life of an excited atom.t Applying this 

* For detailed consideration of this point, see G. Mie, " Uber die Abklingung 
der Lichtemission eines Atoms,*' Ann, d, Phys,, 66, 237, 1921. 

t This formula, of course, is the exact counterpart of that giving the activity 
of a radioactive substance after time t. 

It 

where L is the average hfe of the radioactive atom. 
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fonuala to Wicu’s latest experimental njsnlls, obtained with 
IJalmer lines of hydrogen, and certain other lines, the following 
v;ilucs <1X0 obtained for r : 


Lmo uusisukhI. 

Hydrogen | [ 

Ilelituu A 4478-5 ■ 
Mcrciry | _ 


\'al\us o£ T. 

1-85 X 10" ” seconds. 

1-85X10-” 

1-84 X 10" ” „ 

1-82 xro""^ 

(j-8 X io‘“ „ 


From certain earlier resnlls ol Wien we have 


Oxygen spark lines - - - i-5}xio 

Oxygen bands emilte<l by posi- 
tively cliargod nuilceules - - j-i / 10 


Hence wo may suy, in general, that the average life of an 
excited atom, winch appears to be about the same in all cases 
for which measurements arc to hand, is about 2 x lo ” seconds, 
and this value is generally adopted at the presi-nt time. The 
value obtained from the meicury hue A 25.5(1 is the only one 
that departs markedly Irom this value. It may be added that 
Dempster, making nieasuiemenls on c.inal i.iys m hydrogen, 
gives as the upper limit ol this hie 10 " seconds and finds 
tliat the duration of the actual radiation process is less than 
3 X 10 seconds, which is negligible compared to the life of 
the excited atom. 

K. A. Milne has made an estimate of the average life of an 
excited calaum atom from astrophysical data. At hciglits 
greater than 8500 kilometres above the surface ol the sun, the 
solar atmosphere consists of calcium atoms only, which Saha’s 
theory sliow to be singly ionised. 'I'licsc Ca ' ions emit only the 
H and K lines of calaum ; for our present purpose wc can 
speak as if but one line of frequency Vjt were emitted.* Milne 
assumes that these calcium atoms maintain their great height, 

_ * The passage from the slalionaiy state wliicli is tlio initial level for the one 
line to that which is the initial level for the otlier lino, happens to bo a forbidden 
transition. Hence an excited atom is citlicr in tlic one state or the other of 
the two m question, and Irom citiicr state it can only pass to the normal 
state. The frequencies of the two hncs aro very near one another, so a single 
frequency may be taken without altering the problem. 
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in spite of their heavy nature, in virtue of a communication of 
momentum hvj,lc which takes place in the outward direction 
every time an atom absorbs a quantum of radiation of frequency 
Vjt, coming from the sun. Such an absorption is the only 
mechanism for converting the atom to the excited state at the 
exceedingly low pressure, of the order of io~^® atmosphere, 
which prevails at the heights in question ; impacts, of electrons 
or atoms, are too infrequent to be considered If r' be the 
duration of the normal state, and t, as before, the duration of 
the excited state, t/t' can be worked out from reasoning similar 
to that used by Einstein in denving Planck’s distribution law,* 
while t+t' is given by considenng that the momentum 
acquired under gravity during time t+t' is equal to the 
momentum hv^/c gained dunng one absorption of radiation of 
frequency Vj, if the atom is to be in mechanical equilibnum. 
Milne finds for t a value which must be less, but not very much 
less, than 5-4 xio"® seconds; this agrees with Wien’s values 
as far as the order of the magnitude is concerned From other 
considerations he has deduced as the mean hfe of a hydrogen 
atom in the two-quantum state in a t5q)ical stellar atmosphere 
the value 10 seconds. 

The Metastahle State. We have seen that a large number 
of transitions which would at first sight appear possible are 
excluded by the j selection principle. For certain elements a 
return from the level next above the normal is not permitted. 
We may take as an example the spectrum of mercury, for 
which the levels are exhibited in Fig 50* The level i^S„, 
which is the basic level of the principal (singlet) series is the 
normal level . next above it we find a group of three levels, 
i®Po, i®Pi, i®P2, which belong to the triplet series of mercury. 
The only combination between these and which is allowed 
by they selection rule is i®Pi-> i^Sq 1® excluded 

because, although a switch in which j does not change is in 
general permitted, the particular switchy =0 toy = o is excluded, 
as has been pointed out. i^Pg-^i^Su is excluded because y 
changes by 2. This is merely the expression in quantum 
language of the observed fact, which is, of course, independent 
of any allotment of inner quantum numbers. The line 

* See p. 353 et seq. 
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1**7*, !■ I'N,). which has v .’/Mia. ^ 25 .)h* 52 , is a slmiiff omis- 
sion lino, aiul also tlu; slronf* n'sonancc! lino in morcnry vapour, 
wliilo linos corrospondinf? to thu othor transitions have never 
bcion ohsorvod. 

While, however, the corrospondenco principle, as expressed 
in the selection nilos, forbids thes(5 transitions to be affected by 
incident radiation, this principle only applies, by its very 
essence, to transitions wlu’c.h are connected with a periodic 
disturbance, i.e. with emission or absorption of radiation. Wc 
know thiit an atom can be transferred Ironi on(‘ stationary 
state to another by the impact of an electron, as is discus.sed 
more fully in ('hapter XI 1.. in this case the transition is 
affected jiresumablv by the stron{» inhomof'eneous field round 
the electron, to which no periodic leaturc can be attributed. 
Hence, impact of an electron with sulficient energy, that is, 
an enc'rgy not ni'cessarily equal to /iv^, but equal to or greater 
than hvq,, can traiusier the atom Jrom the normal i*. S’,, state to 
any higher .state, aiul in particular to i®7*2 ’^icn the 

atom is in this state it cannot retuin .spontaneously to as 
it would from i“2’, : it mu.st first go Ironi these .states to some 
higher excited .state from which a return to i'.S’„ is permitted 
by the .selection principle 11 the analogy may he permitted, it 
IS as tl a man who had waiuh-red lioin the stalls oi a theatre to 
the pit by .some iricgular passage should find that he had to 
.spend .some time m vam argmiKsit, and then go iq) to the 
box-ofiiee for a fie.sli ticket before he could get hack to the 
stalls 

We might expect, therefore, a certain spurious stability for 
states sucli as and from which a direct return to the 
normal state is impossible, 'riicrc is, in fact, a body of evidence 
that such is tho case, and these states are called metastable 
siaies. Wc proceed to consider the experimental justification 
for this hypothesis. 

The term “ mctastablc slate " was first used by Franck and 
Knipping, who obtained an indication of it in investigating the 
resonance potentials of helium. Neutral helium has two dis- 
tinct systems of series, a doublet and a singlet system.* 
Transitions between terms belonging to the .singlet (parhclium) 
* Cf. Chapter VIIT. page 179. 
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system, and terms belonging to the doublet (orthohelium) 
system are unknown. The normal level, correspondmg to the 
undisturbed atom, belongs to the singlet system , on the newer 
notation it is called i^Sq. This level is involved in the new 
principal series i'-Sq - «^Pi, discovered by Lyman in 1923.* On 
Fowler’s numeration this would have to be oS - nP, so that the 
newer notation is here adopted. The level next above is an 
S level belonging to the doublet system, called on the newer 
notation i^S^, from which a transition to the normal state with 
emission of radiation is impossible. No line has ever been de- 
tected corresponding to such a -switch. Now Franck and 
Kmpping found indications of a resonance potential corre- 
sponding to a transition from i®Si to the next doublet P level, 
which would not, in the ordinary way, be expected, since the 
state, not being the normal state, would be represented 
by very few atoms. If, however, an atom, once in this state, 
remained in it for an abnormally long time, an abnormally large 
proportion of atoms would be at any moment in this state, and 
hence the resonance potential corresponding to switches from 
this state to a higher state would be detected. The view that 
the state i^Si is unexpectedly stable, considenng that it is not 
the normal state of the atom, is also indicated by the fact 
that, as discovered by Paschen in 1914, the infra-red line 
A 10830, which corresponds to a transition from i^Si to the 
first P term of the doublet senes, is a resonance line. In 
other words, X 10830 behaves ]ust as the first member of an 
absorption senes, and i®Si behaves as a stable state of the 
atom. 

This metastable state is of considerable importance in con- 
sidenng the chemical behaviour of the helium atom The 
helium atom in the normal state is well known to be particularly 
inert, a fact which is explained theoretically by the closed 
nature of its structure, the group of extranuclear electrons 
being complete, and neither of them having a preferential 
position In the metastable state, however, one of the 
electrons is displaced to an outer orbit, and the helium atom 
has, in the sense that it then possesses one outside or valency 
electron, a hydrogen structure, and should be capable of 

* Full publication, Astropkys, Journ, 60 , i, 1924* 
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choniiral (‘oinbiiuilion. Now hclniin, uikUt smtablo excitation, 
f^ives !i band speclnnn, wliicli iiulicales llial, in these circum- 
stances, a helinm molecule can be formed. Further, there are 
many indications that with certain conditions, and under the 
infliicnce of an <‘lectric discharge, ehemiail compounds of 
lu'linm may be formed. J. J. Manley claims that by the help 
of a glow di.seharge he has produced a compound of mcrairy 
and helium in (juantituis sutlicient for analy.sis, and lind-s that 
it is rejire.sented by tins fonnula Uglle, while 15. J. Boomer 
has obtained evidenc<! of solid compounds of helium witli 
mercAiry, lodijui, .sulphur and i)hosphorus Metastablc states 
have also boon found for neon by (1 Hertz and by Lyman and 
Saunders. 

'Hie metastablc state is a stationary state, other than the 
normal state, which persists for a much longer time than do 
the stationary stat('s m general I'lic latter, as we have seen, 
have an average life of the order io‘” .seconds. The question 
naturally arises as to tlic duration of the metastablc state. 
The most precise determinations have been made by K W. 
Meissner, and by H. H. Horgclo. 'I'lic principle of Meissner’s 
method is to use two tubes filled with the gas under investiga- 
tion, one of which is used as an emission tube, and the other 
for absorption. The tubes are excited alternately .so that the 
light from the omi.s.sion tube passes through the absorption 
tube after the excitation ol the latter has ceased. If an 
appreciable fraction ot the atoms in the absorption tube have 
persisted in a stationary .state an absorption lino corrc.sponding 
to a switch from that state will he oh.servcd . if all the atoms 
have returned to the normal slate only absorption lines based 
on the normal slate can be expected By reducing the interval 
which elapses between the ailting oft of the absorption lube 
and the excitation of the emission tube until the absorption 
lines corresponding to the metastablc state are observed, the 
average duration of this state can be estimated. 

The apparatus is indicated diagrammaticaUy in Fig. 52 . An 
alternating current is used ; with the help of two rectifiers one 
half-wave is sent through one tube, and the other half-wave 
through the other tube. The frequency of the current at 
which absorption is observed is noted. Dorgdo used the same 
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method, and also a second more accurate method in which the 
current is sent intermittently through the absorption tube by 
means of a contact earned on a revolving disc ; the disc was 
provided with a slit so arranged that the light admitted to the 
observmg spectroscope was that which had passed through the 
tube some time after the excitation had ceased. The emission 
tube was run continuously. Meissner found from two different 
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Fig 52. 

Disposition for measuring duration of metastable state 

lines based on one metastable state of neon the average life 
•0048 sec. and -0036 sec respectively, while Dorgelo found for 
the life of this state -0042 second Neon has a second meta- 
stable state for which Dorgelo found the average life to be less, 
namely, -0005 sec Kannenstine has estimated the average 
life of metastable helium to be -0025 sec. We may say, then, 
that the life of the metastable state is of the order of a hundred 
thousand times that of an ordinary stationary state. 
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CIIAPTKR XU 

1CX( IT.VnON I>C)TKNTIAI.S AND ABSORPTION 

Introductory. Vi'iy striking chrc'ct coiifinnalion ot Holir's 
fuiulanu'nlal hypothesis of stationary states has been allorded 
by certain (*xpcrinu*nts on the collisions ot electrons with 
gaseous atoms. On the o1(1(T theories, which regarded the 
electrons in the atom as bound l>v cjuasi-c^lastic forces, and 
ca])able ol vibrating with any amplitiule, however small, "we 
should expec't an electron, on striking an atom, to transfer a 
certain Iracdion ol its energy to the atom, tlie amount of energy 
transferred depending in a continuous lashion on the velocity 
of the moving (‘lectroii and otluT coiulitions. On Bolir*s 
theory, however, an atom can increase^ its energy liy finite 
amounts only, corn^sponding to llie passag(‘ ol the atom from 
one stationjiry state to anotluT of greater ciuugv. Hence if 
the iiickUmiI electron possess energy Jess than that correspond- 
ing to llie transition of the atom Irom its normal state to the 
next stationary state, it cannot tuinsler any eiungy at all to 
the atom. Onlv^ the internal energy of the atom has here 
been considered • the type ol collision just adumbiatcd corre- 
sponds to the collision of piTfectly elastic bodies m ordinary 
mechanics, and there is, of course, an interchange of ordinary 
translational energy, just as there is in the impact of perfectly 
clastic spheres. However, owing to the very large mass of the 
atom compared to that of the electron, the loss of energy of 
the electron m an clastic collision is very small. To be precise, 
a simple calculation shows that the fraction of the kinetic 

energy of the electron transferred to the atom is where m 

is the mass of the electron, and M that of the atom. This 
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quantity is negligible in all actual cases, so that we may expect 
an electron whose energy is below a certain cntical value, 
determined by the nature of the struck atom, to proceed with 
practically undiminished energy after coUision. 

On the other hand, if the energy of the electron exceed a 
cntical value, it may, by interaction with an atom, transfer 
to the atom a certain definite amount of energy, or rather, in 
general, one of certain definite amoimts of energy, correspond- 
ing to the transition of the atom from its normal state to one of 
the possible stationary states. In the extreme case an electron 
is completely removed from the atom as the result of colhsion, 
and the atom is ionised. When the impact changes the 
stationary state of the atom the electron may be said to have 
experienced an inelastic colhsion, but it must be remembered 
that the loss of energy is not, as in the case of the collision of 
imperfectly elastic bodies in ordinary mechanics, a continuous 
function of the energy of the moving body, but has, inde- 
pendently of this energy, certain discrete values determined by 
the nature of the struck bod}’^ 

The minimum potential which suffices to give a freely moving 
electron the energy required to ionise an atom which it stakes 
IS called the tomsahon fotenhal of that atom The minimum 
potential which sufftces similarly to transfer an atom from the 
normal state to another stationary state is called a resonance 
or radiahon potential, the latter term refemng to the fact that 
the subsequent return of the atom to its normal state is accom- 
panied by radiation An atom, of course, has several resonance 
potentials. It is often convenient to refer to ionisation and 
resonance potentials inclusively as critical potentials, or 
excitation potentials. 

The examination of the passage of comparatively slow 
electrons, i.e. electrons whose velocity is of the order lo volts, 
through gases and vapours consisting of atoms wuth no electron 
af&nity {i.e. atoms which have no tendency to form negative 
ions), has clearly proved the existence of both elastic and 
inelastic collisions of the type to be expected on Bohr’s theory 
There are two chief experimental methods of investigatmg the 
phenomena . the purely electncal, in which the velocities of 
the electron after impact, or the ionising results of the impact 
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ou the alomH, are measured by electrical methods ; and the 
optical, in which the radiation prodneed by the return of the 
stnick atom from its new stationary state to the normal state 
is examined. The excitation of spectral lines and groups of 
spectral lines by electrical impact is intimately connected with 
the question of the spectrum of the general atom, and will 
have to be tliscusscd at some length. It seems advisable, 
however, to describe first certain general results of the electrical 
methods. 

Electrical Methods ot Investigating Excitation Potentials. 
Lenard was the first to show, in 1902, that an electron must 
possess a certain minimum energy before it can produce 

PE R 



I..cnard’s inuthod of iiivcbtigating ionisation iioicnli.ils. 

ionisation by its passage through a gas, and he estimated this 
velocity at about it volts m the case of all three gases which 
he used, viz. air, hydrogen and CO2. His method was to 
liberate electrons photoclcctrically from a plate P, and accele- 
rate them by means of a potential difference which we will 
call Va. maintained between P and a gauze E, parallel to P 
(Fig. 53). The gas prcs.siire is so low that the distance between 
P and E is less than the mean free path. The electrons, most 
of which, therefore, possess the full energy pass through 
the gauze into a retarding field due to a difference of potential 
Fa between E and a second plate R. Now F^ is always 
arranged to be greater than F^, so that no electrons can reach 
the plate R direct. If, however, the electrons have gained on 
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their passage from P to E sufficient energy to ionise the gas 
molecules which they strike, the positive ions so formed will be 
attracted to R, and can be detected electrometricaUy. The 
method, then, consists in observing the current from 2? as a 
function of : the value of for which a passage of positive 
charges to R sets in is a cntical potential. This original 
arrangement of Lenard's is typical of a large number of recent 
experiments. The electrons to-day are, however, usually pro- 
duced by a glowing wire, instead of by an illuminated plate, 
and more elaborate arrangements of gauzes in front of the 
receiving plate R have been introduced with the object of 
disentanghng various effects. Franck and Hertz used a 
modification of Lenard’s method to measure critical potentials 
before they adopted the so-called partial current method. 
Their source of electrons was a glowing platmum wire round 
which as axis the gauze was bent in the form of a cylinder, the 
plate R being in the form of a larger co-axial cyhnder. 

It was originally believed by the experimenters that the 
critical potential indicated by experiments of the Lenard type 
was the ionisation potential, the sudden change in the current 
from R being attributed to the movement of positive ions to 
R. It was pointed out by Bohr, and by van der Bijl, that if 
the electronic impact did not actually ionise the atoms, but 
merely excited them to emit light of short wave-length, this 
hght would act photoelectncally upon R, and cause it to release 
electrons which would be removed by the field. This loss of 
electrons would account just as well as a gam of positive ions 
for the change in the current curve at a cntical potential, and 
we know now that, for instance, electrons of velocity 4-9 volts 
do not ionise the mercury atom, as was onginally believed, but 
put it in a stationary state, return from which to normal gives 
a line m the mercury spectrum. To distinguish expenmentaUy 
between resonance and ionisation potentials Davis and Goucher 
modified Lenard's method by the introduction of a second 
gauze E' close to the receiving plate R. The source of electrons 
is a heated wire W (Fig 54). The acceleratmg potential F^ is 
maintained between W and E as before : the retardmg potential 
which is greater than F^, between E and E' Between 
E' and R a small potential Fj, which can be reversed, is main- 
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tuiiicrl. 'riiis wluiii E' is nogative to li, suffices to 

proveul tlio (‘scapt* of photoolootric electrons fron:)t R, but 
attracts to R any (‘Icctrons liberated from E' on the side towards 
R, by rellected radiation or otherwise. 'Hie current from R 
therefore reverses sifjn when the sign of V-i is reversed, as far 
as the effect of radiation on R is ctnicenied. 'Hie effect pro- 
duced by the po.sitive ions, i.c. the effect contemplated in the 
original Lcniard nu'thod, is, however, biit little affected by 
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the chimge of sign, since is large compared to Fj, and so the 
positive ions, all but those produced very close to E', acquire 
sufficient velocity in the space between E and E' to overcome 
the small opposing held. The curve in Fig. 55 si lows the 
nature of the result obtained with this apparatus. It refers 
to mercury vapour, and indicates 10-4 volts as the tme ionisa- 
tion potential, with 4 9 volts and 67 volts as radiation 
potentials. 

Lenard’s method has been improved in a different way by 
the addition of a second gauze, so as to give much greater 
sensitiveness, although here again, as in the original method, 
no distinction between resonance and ionisation potential is 
provided. The gauzes are arranged as indicated in Fig. 54, 
although the disposition of the potentials is different. The 
accelerating field is between W and E, and the main retarding 
field Fja between E' and R. Between E and E', however, 
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there is a small, accurately adjustable retarding field F, of a 
few tenths of a volt. The advantage of this method is that 
the electrons making collision m the mam body of the gas 
all have the same velocity within a small fraction of a volt. 



Davis and Goucher's results for mercury vapour. 

The pressure is chosen so that most of the electrons experience 
a colhsion between E and E'. Franck and Einspom have used 
this disposition with good results for helium and mercury 
vapour, and the same arrangement, called by them a four- 
electrode tube, has been used by Mohler, Foote and Meggers. 
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Tlioy use a small acrclnrating field between B and E' : whether 
this fine adjustment, as it may be called, is positive or negative 
is clearly indilTeroiil. Davis and (hmclier’s small reversible 
field, to distinguish between radiation and ionisation potentials, 
may, of course, be applied in tliis type of apparatus by insert- 
ing a tliird gaiiste, lU'ar the plate A*. 

The mc'thod by which Franck and Hertz carried out many 
of their investigations <liff(‘rs somewhat from Ixmard’s : it is 
usually called the partial current method, and detects the in- 
elastic collisions by the loss of velocity of the electron. The 
source of electrons is an electrically heated wire (Fig. $6a) : 
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Tig. 50. 

i’aitial cuiiont method of I'^ianek and llcrU, 


between W and the gauze E there is an accelerating potential 
difference Vj, while between B and the receiving plate li, 
which is relatively close to it, a retarding potential Fr is 
maintained. It is an essential feature of Lenard's method that 
Fjb shall be greater than : in the present method, however, 
Fjr is small. In the actual experimental di.sposition B and E 
are cylindrical in form, surrounding the wire W as axis, as 
indicated in Fig. 566. This is the usual disposition with a 
hot wire as source of electrons, and was adopted in the experi- 
ments previously described, in which a hot wire is used. 

Fj{ is kept constant, and F^ varied. If F^ is less than Fjr 
the current should be zero. As F^ is increased the current 
should increase until F^ reaches a critical value, say F^. As 



EXCITATION POTENTIALS AND ABSORPTION 881 


soon as this occurs the dectrons near B, which, have attained 
the full acceleration due to V^* suffer inelastic collision, losing 
their vdocity. Since the collisions take place near E, the 
acceleration which the electrons experience before passing 
through E is very small, and the retarding potential 
though small, is sufficient to prevent them reaching R, As 



Fig. 57. 

The results of Franck and Hertz with mercury vapour. 

is increased from this first critical value Vq the region in 
which inelastic impacts first take place retreats from E towards 
R : the electrons which have lost their energy at melastic 
impact experience a greater subsequent acceleration due to a 
potential - Va. some of them reach R, and the current 
again increases, until reaches the value 2 V q, when the 
electrons expenence a second inelastic impact dose to E, and 
the current drops once more As is further mcreased, the 

* As long as the colhsions are elastic, t e. unattended by loss of energy of 
the electron, they do not affect the energy which an electron acquires in passing 
through a given potential difference 
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carrcnt grows, to drop again at and so on. The rcs\iH.s 
whicli I'rsmck and Hertz obtaineil with nujrcury vapour arc 
shown in Fig. 57, and it will be seen that they arcs in accordance 
with this mcc.hani.siu. Thoro arc sharp maxima at multiples 
of 4-() volts : minor factors, whicli need not be here discussed, 
prevent the drop of current fiom being truly vcrtiail. This 
4-C) volts is a resonance i>oteutial of mercury corri'S])(mding to 
the switch More delicate experiments cairied out 

witli a slightly inodilied metliod have shown .secondaiy maxima 
corresponding to other r<*.sonan<'e jiotentials, c g 4-()b volts, 
whidi can be referred to the .switch H.S‘„ and b by volts, 

ascribed to ~ t . (('f h'ig 50 ) 'I'lie method is not adapted 
to distinguisli between ionisation potential and resonance 
potential, although indications can be obtained on the point from 
intensities. It has been variously inodilied by recent workers. 



(oJ (^) 

VlG 58 . 

G. Ilcriy/sncw mt'Lhoils’ 

(a) for resonance ])otentials; (/;) iur loiUbalLon poloiilLnls as well 

Hertz has shown great ingenuity in devising dehcatc methods 
for the measurement of critical potentials. Brief allusion may 
be made to two of them. The first is designed to detect the 
sudden loss of velocity which the incident electrons sutler when 
the acceleratmg potential reaches a critical value, and is 
diagrammatically illustrated in Fig. 58a. The space R is 



EXCITATION POTENTIALS AND ABSORPTION 888 


enclosed by a box BB with gauze sides and a small gauze 
window, opposite which is the hot wire source of electrons. 
Surrounding the box is a cylmder PP, coimected to earth 
through a galvanometer ; between PP and BB a very small 
retarding field of, say, *1 volt, is maintained. If is less 
than the critical potential, electrons make elastic impacts in 
the space R, and pass through the sides of BB with sufficient 
velocity to carry them to the cyhnder PP in quantities which 
practically are independent of whether Vjt is switched bn or off. 
When, however, F^ is increased to a critical value the electrons 
make inelastic impacts, and pass through the sides of BB with a 
very small velocity. There is, then, a very big difference in the 
current flowing from PP to earth according as is switched on 

or off, since, unless F^ exceeds the critical potential by more 
than •! volt, none of the electrons which suffer inelastic impact 
can make head against Fjj. The fact that, except for a very 
small range in the neighbourhood of the cntical potential, the 
current is largely independent of the establishment of 
indicates very preasely the value of the critical potential. 
The difference of the current readmgs with F^ on and with 
T'b off is plotted against the potential . we then have a sharp 
maximum in the current-potential curve to indicate this 
potential instead of merely an elbow in the curve, as in most 
other methods 

The other method is illustrated diagrammatically in Fig 
586, and measures the ionisation potential, as distinct from 
the resonance potentials, which are revealed by the method 
just descnbed Inside the box BB is a very fine wire F, the 
positive end of which is connected directly to the box, while 
the negative end is connected to it through a galvanometer and 
cells It IS maintamed at a high temperature, so that the 
current flowmg from F to the w'alls of BB is limited by the 
swarm of electrons which surrounds it, the so-called space 
charge If, however, the accelerating potential F^ is raised 
to the ionisation potential electrons enter the box with sufficient 
energy to produce positive ions, which annul the space charge, 
and cause the current between F and BB, measured' by the 
galvanometer, to mcrease suddenly. 

If this method alone were being utilised the box BB could be 
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with sides completely closed. However, to enable the 
method of Fig. 58a to be applied with the same apparatus 
the sides of BB are made of gauze, and the box BB sur- 
rounded by a cylinder PP, as in Fig. 58a:. When resonance 
potentials are being measured F is left cold, and the apparatus 
used exactly as that of Fig. 58a. With such an apparatus 
Hertz has made very accurate measurements on neon and 
argon, and, in collaboration with R. K. Klopperss, on the other 
inert gas*es. 

It is interesting to note that the elastic impact on gas 
Tnolftonlftfi of electrons possessing small velocity was some years 
ago directly establidied by Franck and Hertz. They used the 
disposition represented in Fig. 59. W is the hot wire source 

c 

R 


Fig. 59. 

Apparatus for direct establishment of elastic iiiipact of elections on 
gas molecules. 

of dectrons : the accelerating field, of some 4 volts, is applied 
between W and a gauze E. Electrons thrown back by impact 
with gas molecules in the qiace GG reach the plate HR, where 
their arrival is detected quantitatively by a galvanometer. 
Parallel to RR is a gauze CC, and the velocity of the electrons 
arriving at RR can be measured by applying a retarding 
potential between RR and CC. It was found that these 
electrons had the fuU velocity of 4 volts, and collision without 
loss of energy was thus proved. 

Before considering further details, the fundamental signifi- 
cance of this class of measurements for Bohr's theory may be 
again emphasised The fact that the electron is elastically 
reflected from atoms of an electropositive gas if its energy is 
below a certain limiting value, whose magmtude depends upon 
the nature of the gas atom concerned, is in itself sufliciently 
striking ; the sharply defined values of energy at which in- 
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elastic coUisions of different t37pes set in (different types in the 
sense that each type corresponds to a different loss of energy) 
is very strong evidence for a quanttttn theory of energy inter- 
change between atoms and electrons. Qualitative considera- 
tions confirm the belief in a quantum mechanism. Considering 
mercury vapour, for instance, the critical potential 4*9 volts, 
detected by Franck and Hertz, was shown not to be an ionisa- 
tion potential, but a radiation potential. Now from the 
fundamental equation of the quantum theory 

Energy=eF ^=^^3,= j, 

where V is the potential in volts, and e is in electrostatic units, 
4-9 volts correspond to a wave-length of 2520 A U., which is, 
within the experimental error of the potential determination, 
A 2536’5, a strong hne of the mercury spectrum correspondmg, 
on all spectroscopic evidence, to a transition involving the 
normal state of the atom Davis and Goucher found another 
resonance potential at 67 volts, which corresponds to A 1844, 
or within experimental error A 1849*5, another strong line in- 
volving the normal state of the atom. (See Fig 50.) 

A further excellent confirmation of the interpretation placed 
upon critical potentials has been furnished by the recent work 
of G. Hertz on neon. Neon has a very complicated spectrum, 
which has been analysed by Paschen into an elaborate system 
of senes : the term corresponding to the normal state of the 
neon atom is not included in the system, since the lines involv- 
ing this basic term he so far m the ultra-violet that observation 
is difficult. By means of the disposition depicted in Fig 58^, 
Hertz found critical potentials which indicated the value 
174000 ± 1000 cm."^ for the wave-number of the basic term. 
He then looked for extreme ultra-violet lines in the spectrum 
of neon, usmg a special vacuum spectrograph made by building 
a small grating (x metre radius of curvature) mto a highly 
evacuated glass tube, the neon discharge t fllfin g place in a 
separate tube communicating with the spectrograph tube by a 
sht only.* The pressure in the spectrograph was, by means 

* The pressure m the neon tube was 4*5 mm. , in the spectrograph about a 
thirtieth of this. 
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of a diffusion pump, kept much lower than that in the discharge 
tube : this maintenance of a difference of pressures between 
two vessels connected by a narrow opening, originally used by 
Wien in his work on canal rays, is a common feature of modem 
vacuum technique. Hertz obtained two neon lines at 735 7 and 
743*5 A.U. respectively. The difference of wave number 
agreed with the difference between two of Paschen’s terms, 
called by him xsj and is*, and these lines were attributed to 
combinations between iSj and the basic term, and is* and the 
basic term respectively. The value of v for the basic term 
was found by this optical method to be 173970 ± 100 cm.-^, 
which agrees surprisingly well with the value found from 
consideration of critical potentials. It may be added that the 
selection principle shows that the basic term in neon is a 
P term. 

Quantitatively, then, the confirmation of Bohr’s theory 
furmshed by critical potentials is convincing, and we now 
place full confidence in the quantum interpretation of such 
experiments. 

Optical Methods of Studying Critical Potentials. Instead 
of investigating the fate of the electron (and of the positive 
ions, if such be produced) by electrical methods, we can study 
the result of the impact of electrons on atoms by examming 
the radiation resulting from the collisions. The general 
method is to control the velocity of the bombarding electrons 
by means of the accelerating potential difference, care being 
taken that the pressure is so low that the collision of the 
electrons with atoms is comparatively infrequent in the narrow 
space over which the potential difference is applied, and to 
observe the changes in the nature of the radiation which can 
be produced by var3dng the energy of the electron. It must 
be remembered that the effective potential difference is that 
which accelerates an electron over its mean free path (or, more 
generally, the distance between two inelastic collisions), and 
that the actual potential difference between the electrodes if 
the gas is at atmospheric pressure (or, indeed, any pressure at 
which the mean free path is very small compared to the elec- 
trode distance) tells us very httle, if anything, about the 
ionisation potential. 
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If the energy of the impinging electron equals or exceeds the 
ionisation potential, then certain of the atoms should lose an 
electron, the subsequent recapture of the electron in steps 
which vary from atom to atom leading to the emission o± the 
whole arc spectrum. If the energy be less, then the optical 
electron may be thrown from its normal state mto any one of 
several other stationary states, return from which leads to the 
emission of part only of the arc spectrum. The spectrum may 
thus be excited in stages, and the study of the so-called reson- 
ance potentials, at which definite changes in the development 
of the spectrum take place, furnishes important evidence as to 
the energy levds of the virtual orbits. Of course, electrons of 
sufficient energy may remove two electrons from an atom, 
either in two steps, by acting upon an atom” which has already 
lost an electron, or in one step, by removing two electrons at a 
single collision, greater energy being required for the latter 
process. In either case we have the arc spectrum developed 
as well as the spark spectrum. 

The first to study the radiation excited by electrons of given 
energy were Franck and Hertz, who showed that electrons of 
velocity 4-9 volts caused low pressure mercury vapour to emit 
a spectrum consisting of the one line A 2536 only, which is in 
perfect accord with the theory, since the energy corresponding 
to this potential should raise the optical electron to a level from 
which the only return to normal state possible corresponds to 
that line. This was the first example of a so-called one-line 
spectrum, and initiated the researches into the quantum con- 
ditions of excitation of the optical series, which have done so 
much to strengthen the quantum theory of optical spectra. 
Franck and Hertz were followed by McLennan and his students. 
McLennan and Henderson, using a heated platinum plate, 
coated with barium or calcium oxide to produce electrons in 
quantity, photographed not only the one-line spectrum of 
mercury, but also similar qiectra of cadmium and zmc by using 
vapours of these metals at low pressures in place of mercury 
vapour. McLennan and Ireton were also able to excite two- 
line spectra of zinc and cadmium, which were the first examples 
of an intermediate step between the one-line ^ectrum and the 
complete arc spectrum. Since then G. Hertz has shown the 

A.S.A. 7 
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of a large number of cntical potentials for lines, or 
groups of lines, in mercury, neon, and helium, the lines which 
suddenly appear when a given exating potential is reached 
exactly with the anticipations to be made by applying 
Bohr’s theory to the terms. 

A large number of investigations on the critical voltages 
required to produce various types of spectra have been carried 

out by Foote, Meggers, and Mohler, 
whose expenmental disposition is of 
the same type as Franck and Hertz’s 
original apparatus. It is represented 
in Fig 6o. Tlie distance between the 
hot wire, of hairpin shape, which 
acts as the .source of electrons, and 
the gnd which serves to apply the 
potential, must be small, so that the 
chance of a colhsion in the interspace 
may be small, and the electrons may 
attain the full velocity corresponding 
to the voltage : the field free space 
between the gnd and the cylinder 
must be large, so that the col- 
Appaxatus for cntic^ voltages legions which produce the .spectrum 

may be frequent. As an example 
of the results obtained the spectra of magnesium * given in 
Plate VII. may be considered At volts the single line 
A 4571 is produced : this corresponds to a transition between 
the normal and the level, as docs the resonance line 
in mercury, the level scheme of which (Fig. 50) may be con- 
sulted The voltage calculated (by the simple method em- 
ployed for mercury on page 335) to correspond to A 4571 is 
270 volts, which agrees with the value 2'65 found expen- 
mentaJly by more delicate methods. (The apparatus of Fig. 60 
is not adapted for accurate measurements of the resonance 
potentials.) At 6-5 volts a two-line spectrum is produced, the 
fresh hne bemg A 2852, ihSo-i^Px: the calculated resonance 
potential for the line is 4*327 volts, and the value observed 
by more dehcate methods 4*42. The complete arc spectrum 
* Reproduced from a photograph kindly sent to me by Dr. Foote. 
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appears at lo volts. The last three spectra show the enhanced 
spectnim, which, according to calculation, should appear for 
voltages exceeding 15 volts. This very beautiful senes of 
photographs shows that we can experimentally toss the spectral 
electron from its normal level to any one of a series of higher 
levels, the spectrum produced indicating, by its degree of com- 
pleteness, the energy range through which the electron has 
been displaced.* A rough analogy may perhaps be pardoned 
here, in spite of the obvious imperfections. Imagine the 
right-hand side of a piano to be raised and supported a foot 
or two from the ground, so that the keys corresponding to 
the higher notes are actually the higher. Then if a heavy 
ball be pitched from the lower end of the piano on to the 
keys, it will strike a given note, and roll down, presumably 
striking other notes on its way back. The higher the ball 
be tossed up the keyboard, t.e. the greater the energy 
communicated to it, the more extensive a scale will be 
produced, and the hstener would determine by the complete- 
ness of the range of notes the initial energy of the ball. The 
analogy is good in that the mechanism of the piano, hke the 
mechanism of the atom, does not permit a continuous range ot 
notes, but only of certain defimte ones — a line spectrum, but 
it offers nothing to correspond to the inner mechanism of 
spectral enussion, expressed by the relationship hv^=E-E' 
If the black keys be supposed stiffer than the white, we can 
get a somewhat strained analogy for the production of the 
spark spectrum. 

Before leaving this part of the subject reference may be 
made to Franck and Einspom’s very complete determination 
of the resonance potentials of mercury vapour The radiation 
produced by the electronic impact was detected not spectro- 
scopically, but by the photoelectric effect on a subsidiary iron 
electrode, connected with a galvanometer. A sharp change in 
the rate of increase of the photoelectnc current as the accelerat- 
ing potential is raised corresponds to the production of a new 

* Recently (PM. Mc^., 60, 165, 796 and 1276, 1925) Newman, workmg 
with three-electrode discharge tubes, has succeeded m producing the spectrum 
of neutral sodium, potassium and rubidium respectively in line by line 
emission 
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PTnigginn line in the ultra-violet as a consequence of the increased 
velocity of the exating electron. Franck and Einspom’s 
results have indicated no fewer than eighteen critical potentials. 
These can, of course, he converted into wave-lengths of corre- 
sponding lines. When this is done it is found that eleven of 
those lines correspond to transitions involving the basic term 
i^So, while one of them represents a transition from the 
orbit to the periphery, showing that occasionally ionisation 
takes place in two steps. It is noteworthy that excitation 
potentials corresponding to the transitions iiSo-i®Po and 
iiSfl - i®Pa were measured : these lines have never been 
detected optically, and are excluded by the selection rules 
Perhaps a confirmation by an independent method of the 
existence of these transitions might be desirable before attempt- 
ing a theoretical explanation. Leaving out detailed discussion, 
it may be stated that the measurements of Franck and Emspom, 
by establishing critical potentials corresponding to a whole 
range of hnes involving the basic term, have strikingly con- 
firmed the quantum theory of spectra. 

Temperature Radiation of Gases. The quantum theory of 
spectra has been particularly successful in explaining why in 
many cases certain parts of the optical spectrum, and certain 
parts only, appear in the hght from sources not deliberately 
designed for the production of special effects Conversely, it 
has been possible to deduce from the relative intcnsitie.s of the 
hnes, including in this e.xprcssion the question of the non- 
appearance of certain lines, much information about the 
physical conditions prevailing in the source. Among the 
questions of importance which we now have to consider are 
the emission of certain hnes by restricted regions of the arc only, 
the limited spectra developed in ordinary flames, and the very 
important astrophysical deductions made by Saha We will 
first of all neglect the question of the pressure, and make a few 
general deductions as to the effect of changing the temperature 
under constant pressure conditions. 

We have seen that the impact of electrons possessing suffi- 
cient energy can cause the optical electron to pass from its 
normal level to any one of certain selected higher levels, with 
the subsequent emission of one or more or all the lines of the 
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spectrum, according to the level. Now it is reasonable to 
assume — ^by which we mean that the deductions from this 
assumption fit m well with observed facts, since there is no 
a pnori inevitability about it — ^that the impact of another 
atom, provided it had the same energy, can produce the same 
effect as the impact of an electron.* Owing to the fact that 
the gas-kinetic energy of the atoms at ordinary temperature is 
very small compared to the energy which an electron needs to 
excite an atom, we cannot expect any hght emission in a gas at 
room temperature which is not subjected to electronic bombard- 
ment or radiation from outside. Thus the mean kmetic energy 
of an atom at 17° C. is about 6 x lo"^^ ergs, which is equal to 
the energy of an electron falling through a potential difference 
of about 3*8 x io“® volts. Now the lowest measured resonance 
potential is the first critical potential for caesium, which is 
1*448 volts, or thirty-eight times the average energy of the atom, 
due to thermal agitation, at 17“ C. Although, of course, there 
are atoms of all velocities, including some greatly exceeding 
the mean, present in a gas, the fraction whose energy exceeds 
the mean by thirty-eight times can be shown to be only e'®^, 
and so is quite negligible. The mean energy of the atoms being 
proportional to the absolute temperature may, however, at 
higher temperatures approach sufficiently near to the critical 
energy for a pure temperature emission to take place. At the 
same time, as the first cntical potential varies from element 
to element, we should expect some elements to be excited at 
lower temperatures than others Again, a given element has 
vanous cntical potentials, corresponding to the excitation of 
vanous hnes, and we should expect raising the temperature to 
have ]ust the same effect as raising the voltage of the electrons 
used m the bombardment method of exciting spectra, i s. as 
the temperature is raised the number of hnes of the spectrum 
should increase, shorter and shorter wave-lengths being pro- 
gressively included. 

* It IS really not the energy of translation of the striking atom alone that 
comes into play, but also the energy of translation of the struck atom, since 
the relative energy of translation must obviously be the effective factor. The 
mean value for the relative energy, however, does not differ appreciably from 
the mean value of the translationai energy of an atom, and for simplicity we 
will consider the latter alone. 
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These anticipations are fulfilled by the behaviour of the 
giifali metals in the flame. At a temperature of 1700° C. 
attained in the Bunsen flame the mean energy of the molecules 
is already equivalent to an electron of about *25 volt, and the 
fraction of the molecules whose energy exceeds ten times this 
value is 3 X 10"^, which is appreciable from the point of view of 
light excitation. Franck states that in the Bunsen flame at a 
place where the temperature is about 1550“, hlliium shows 
only one line, sodium two, potassium three, rubidium four and 
caesium six lines of the spectrum. Now, within a given 
arbitrary limit of wave number, v= 30300, it will be found that 
hthium has one line, sodium two, potassium three, rubidium 
four, and caesium eight lines, so that, assuming that the greatest 
relative energy of translation of molecules present in sufficient 
numbers to be effective corresponds to about 3*74 volts (equi- 
valent to v= 30300) we have good agreement. Further, as the 
temperature is raised, by passing from the Bunsen burner to 
the blowpipe flame, and from the blowpipe to the o.xyhydrogen 
flame, more and more lines appear, as is to be expected. Again, 
A. S. King, in the course of his extensive investigations of 
spectra produced by metalhc vapours in furnaces, where the 
excitation is purely thermal, has shown that with rising 
temperature the leadmg hne of tlie series appears first, and then 
successively series hues of shorter and shorter wave-length, 
which also becomes relatively stronger compaied with the iirst 
hne. 

Reference may be made here to the rates uUimcs of cle 
Gramont, which are of such practiciJ importance for chemical 
analysis by spectroscopic means. 'I'licse ultimate lines are 
those which are the last to vanish when the quantity of the 
element producing them, in a flame, say, is made very small, 
and they are for this reason also called i>ersistent lines. They 
are not necessarily the strongest lines in the ^ectrum as 
usually produced. It was at one time generally believed tliat 
they originated in the return of an electron to the normal level 
from the first possible energy level above the normal, or, in 
other words, that they were the first resonance lines of their 
respective spectra. If this were so they would be the most 
easily produced lines, in the sense that they require electronic 
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or atomic impacts of comparatively low energy, such as take 
place in a flame, to excite them, and them persistence could be 
attributed to this ease of excitation. However, many dis- 
crepancies were observed when this view was adopted, and 
Meggers, Kiess, and Walters * have recently put forward a 
rule which has been found to hold accurately for all spectra 
which have been sufficiently investigated for test to be possible. 
The rule in question is that raies ulUmes are due to an electron 
returning to the basic level from the first higher non-metastable 
level of the same series system as the basic level i e,. if the 
basic level belongs to a smglet system, the other level con- 
cerned must also belong to the singlet system, and the transition 
must be allowed by the selection rules As an example we 
may take the arc spectrum of calcium, for which the raie 
uUime of the arc spectrum is X 422673, corresponding to the 
switch i^Sq - i^Pi. The levels immediately above the basic i^Sq 
term are, however, the three tnplet P levels 
of which i®Po are metastable (Cf. the arc spectrum 

of mercury. Fig. 50 ) The first resonance hne is therefore 
X 657278, for this corresponds to the switch - ®Pi With 
the arc spectrum of potassium, on the other hand, where 
there is only one system, the ,aic ultime and the first resonance 
line are the same, viz X 7664-94, corresponding to the switch 
i®Si - i^Pj. In the case of the arc spectra, then, the rate iilhme 
does not in general coincide with the first resonance line, if 
there is more than one system with the spark spectra, how- 
ever, the two fall together, for here the normal state of the 
atom belongs, in general, to the system of highest multiplicity, 
as does the next higher term There is so far no simple 
theoretical explanation of the rule of Meggers, Kiess, and 
Walters, although it can be brought into accord with certain 
rules established for complex spectra by Hund 

Effect of Fressoxe on Temperatoie Excitation of Gases. We 
have considered the excitation which can be produced by 
the colhsion of atoms possessing sufficient relative energy, 
and found that theory and experiment agree to show that the 

• See O. Laporte and W. F. Meggers, " Some Rules of Spectral Structure,” 
Jour, Opt, Soc, 11 , 459, 1925, which gives the reference for the earher 

paper of Meggers^ Kiess, and Walters. 
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higher the temperature, the greater will be the proportion of 
atoms of a given kind which are excited or ionised, and that the 
higher the ionisation potential of an element, the greater will 
be the temperature at which it is excited. It was, however, 
first pointed out by Saha that in calculating the proportion 
of ionised atoms in an equilibrium state at a given temperature 
the pressure is a very important factor, and he showed how 
to calculate the equilibrium ionisation in terms of pressure and 
temperature. This work, which has been extended consider- 
ably by H. N. Russell, R. H. Fowler, E. A. Milne and others, 
has proved of the greatest importance for astrophysical spectro- 
scopy, and it is hardly too much to say that it has placed 
the determination of stellar temperatures on a new footing. 

The method which Saha adopted does not involve the 
assumption of any particular machinery of ionisation. He 
treats the splitting up of a neutral atom into a positive ion and 
an electron as a reversible chemical reaction, of which the 
equihbrium conditions can be fixed by the thermodynamic 
methods developed by Nemst, and referred to by him as the 
reaction isobar. The work reqmred to separate the electron 
from the atom, h.e. the ionisation potential, appears in place of 
the usual heat of dissociation. For calcium, for instance, the 
reaction considered can be represented by the equation 

Ca:^Ca+ •i-e-U’, (i) 

where Ca represents a neutral atom of calcium, in the state of 
vapour, Ca"'' the singly ionised calcium atom, e the electron 
and XJ the energy involved. The problem is to determine the 
percentage lomsation under given conditions. 

Now if a chemical reaction takes place according to the 
chemical equation 

ngA +MjJ 5 + ... +M„iV + ... , 

where n^, ... represent the numbers of molecules of the 

feacting substances A, B, ... M, N, ... , then the equilibnum 
constant of the law of mass action is 

jL Wm 

p'ln - ' 

where the p’s are the partial pressures of the gaseous substances 
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A, B,. .. M,N The equation derived by Nemst fixes K 

in terms of the heat of reaction, the pressure, and the absolute 
temperature. It is 


logX= 


U 

4*571 T 


+ 


logr 

R 


+ 2 mC, 


where the summation signs imply the addition of quantities 
pertaining to the various n’s, denoted by n^, Wj . . . in the 
precedmg equation, is the specific heat at constant pressure, 
and C is the so-called Nemst’s chemical constant of the given 
kind of molecule. For a proof of the equation the reader is 
referred to Nemst’s book.* 

To apply the equation to the reaction (i), we note that all 
the n’s have the value unity, while is the same for Ca and 
for Ca+. The swarm of free electrons which is one of the 
partners in the equihbrium is treated as a monatomic gas ; this 
swarm is referred to as “ electron gas.” For e we therefore 
have Cj, = S/ai?. Hence 

2 «Cj,= (Cj,)ca+ -I- {C^g - 

As far as the term 2 nC is concerned, the chemical constant 
of Nemst can be worked out by a formula, known as the 
Sackur-Tetrode-Stem relation,! 


C=log 




-i-6 + -Jlog M, 


( 2 ) 


where M is the molecular weight, N is Avogadro’s number, 
and k is Boltzmann’s constant. C is the same for Ca and Ca+ • ^ 
for electron gas M=5-5 x io“*, and C = - 6-5 
Let us now call x the fraction of calcium atoms ionised, 
which is what we wash to find, and let P be the total pressure, 
and p^, p_, p be the partial pressures of Ca"^, e, and Ca re- 
spectively, so that P=p+ -^-p.+p. 


Also 


P+J^-^ P 

X XI- 



X I-hX 


^2 


1 -X^ 




( 3 ) 


* W. Nemst, Die theoreiischen und experimentellen Grundlagen des neuen 
Warmesatzes. 1918. Wilhelm Knapp, Halle. Chapter XI. 
t Nemst, loc, ciU page 152. 
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Also U, which, is the work, expressed in calories, done in 

VeN 

separating the electrons, is =, where V is the ionisation 

300 . / 

potential in volts, N is Avogadro’s number, and J is the 
mechanical equivalent of heat. To use a striking phrase of 
Milne’s, the ionisation potential can be regarded as the latent 
heat of evaporation of the electron from the atom, Puttmg 
in the nxunencal values, we then have 


log 


Px^ _ -5050F 
T 


+ 2*5 log r- 6-5, 


( 4 ) 


where P is measured in atmospheres, T is the absolute tempera- 
ture, and V is in volts, while the logarithms are to base 10. 

This equation expresses the degree of ionisation in terms of 
the pressure, the temperature, and the ionisation potential 
The pressure and the temperature being fixed, the greater V 
the less the ionisation, as can be anticipated without calcula- 
tion. High temperature and low pressure both favour ionisa- 
tion. The foUowmg table, prepared for calcium, will serve to 
indicate the nature of the variation with pressure and tempera- 
ture for a given atomic species. 


IONISATION OF CALCIUM ATOMS AT VARIOUS PRESSURES 
AND TEMPERATURES. 

Ionisation Poteniial =6 09 Volts. 


Tempera- 
ture (Abs.) 

Pressure (in Atmospheres) 


10 

I 

1 0-1 

10”® 

lO”® 

IO-® 

3000 

Less than 1% ionisation 



I 

4000 




3 

9 

26 

5000 


1 2 

6 

20 

55 

90 

6000 

2 

8 

26 

64 

93 

99 

7000 

7 

23 

68 

91 

99 


8000 

16 

46 

S4 

97 



10000 

46 

85 

99 

1 



XIOOO 

12000 

13000 

63 

76 

84 

93 

97 

99 

More than 00% ionisation 


14000 

90 ] 







Saha has applied his theory to two great problems of astro- 
physics, firstly the explanation of the spectral emission of the 
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sun’s surface and atmosphere, and secondly that of the physical 
significance of the different spectral types into which the stars 
have been classified. Considermg the sun first, we are con- 
fronted by the following facts ; that the spark lines of certain 
metals, especially calcium, strontium and barium, and spark 
hnes alone, are strongly emitted in the higher levels of the 
sun’s atmosphere (the chromosphere), whereas the normal, or 
arc, absorption lines of these metals are observed in the Fraun- 
hofer spectrum, which has its origin in the reversing layer. 
The atoms of these metals must then be largely unionised at 
the surface of the sim, and completely ionised at the higher 
levels of the chromosphere, i.e. some thousands of kilometres 
above the surface. If the effect of pressure be neglected we 
should be forced to assume that the temperature was higher in 
the upper layers of the sun’s atmosphere than at the surface, 
which IS in contradiction to all reasonable supposition. In 
applying his theory Saha takes for the temperature of the 
photosphere, i.e. the surface temperature, Biscoe’s value, 
7300® C.,* which is rather above the generally accepted value, 
but a variation of this temperature by 1000® C. or so does not 
affect the general conclusions. Little stress should be placed 
on the actual values of temperature and pressure adopted by 
Saha they need adjustment in the downward direction.! 
With a surface temperature of 7500° absolute the temperature 
of the upper layers of the chromosphere works out as about 
6000® absolute The pressure Saha takes to be from 10 to i 
atmospheres in the reversing layer, and to dimmish to 10 
atmosphere in the outermost layers of the chromosphere 
Consulting the table for calcium we see that for i atmosphere 
and 7600® absolute about 35 per cent, of the atoms should be 
ionised, and at lower levels, where higher pressures prevail, the 
percentage will be less. The ionisation increases as we go up 
from the surface until at temperature 6000® or higher and 
pressure io“* atmosphere the ionisation of calaum is practically 
complete. These conditions correspond to a height of about 

* See F. Biscoe, Astrophysical Journal, 48 , 197# 1916, and 46 , 355, 1917. 

t Cf., inter aha, H. N. Russell and J. Q. Stewart, Pressures at the Sun's 
Surface," Astrophysical Journal, 59 , 197, 1924. The pressure m the reversing 
layer is probably more of the order lo"^ atmospheres than i atmosphere. 
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5000 kilometres, up to which height the calcium hues H and K, 
which are spark lines, and the Fraunhofer line g, an arc hne, are 
observed, while above this height only H and K are observed. 
The agreement is therefore good. Strontium and barium have 
lower ionisation potentials, so that complete ionisation is 
reached at higher pressures and lower levels, and, in fact, flash 
spectrum observations show that the arc lines of those elements 
appear at very low levels only. Before Saha’s theory it 
appeared very strange that the lines of these heavier elements 
should appear at a greater height than those of hghter 
elements. The following table illustrates the behaviour of the 
three metals : 


Element. 

Atomic weight. 

Line (X). 

Type of spectrum 

Height at which 
observed 

Calcium 

40 

^3969 

Spark ) 

14000 km 


^^3934 

Spark j 



g 4227 

Arc 

5000 

Strontium - 

88 

4216 

Spark 1 

6000 



4078 

Spark j 



4607 

Arc 

35 ‘^ 

Banum 

137 

4934 

Spark 

750 

* 


4554 

Spark 

1200 



5536 

Arc 

4] 00 


As regards hydrogen (which exists in the atomic state only 
in the sun), Saha’s formula shows that, on account of its high 
ionisation potential, it will not be completely ionised for a 
temperature of 6000° C. or so except at very low pressure, t e. 
in very high levels of the chiomosphere. When hydrogen is 
completely ionised it cannot, of course, emit any spectrum at 
all, so that we can understand that, in spite of the lightness of 
hydrogen, in the very highest levels lomsed calcium alone is 
detected.’*' Interesting observations on the spectral emission 
of sun spots, which are cooler than the rest of the chromosphere, 
and on the relative abundance, as judged by the spectroscope, 
of the alkali metals have also been explained. For instance, 
rubidium and caesium are not represented among the Fraun- 

^ * Milne's radiation pressure (cf p. 317) must also be taken into account in 
discussing this question properly. An ionised hydrogen atom does not, of 
course, experience such a pressure, and is not supported by the solar radiation. 
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liofer lines, but it is not necessary to assume on that account 
that these metals are absent in the sun. For their ionisation 
potentials are so low (4-i volts and 3-9 volts respectivdy, as 
compared to 6-i volts for calanm) that they must be practically 
completely ionised in the reversing layer. Again, arc lines of 
the aTTfali metals are stronger m the sunspots than elsewhere. 

In general it may be said that we must not conclude from j 
the absence of Imes of an element that that element is missmg' 
m a star, for if the atoms are completely ionised only the spark', 
lines will be in evidence, and these are often in regions of the 
ultra-violet which are absorbed by our atmosphere. For 
second stage, and, in general, multiple lomsations the hnes are 
still further in the ultra-violet. In attempting estimates of the 
relative proportions in which elements are present in stars, the 
relative iomsation potentials must be taken into account. 

Saha’s formula (4) involves the assumption that the number 
of electrons per unit volume is equal to the number of positively 
charged metal 10ns, i e that all the electrons present have 
been split off from atoms of the metal imder consideration. 
Fowler and Milne, however, assume that in most astrophysical 
problems, owing to the presence of a large number of different 
kinds of atoms, the free electrons exceed in number the ionised 
atoms of a given kind • if, as frequently happens, there are 
present atoms which are much more easily ionised than the 
kind considered, then the electron excess must be very marked 
From such considerations they are led to regard the partial 
pressure P* of the electron gas as fundamental, and practically 
independent of the degree of ionisation of the element under 
discussion. If we make this assumption, we must write (3) m 



X 

i-x’ 


(4) then becomes ' 


log +2-5 log T - 6*5. 


* Fowler and Milne's full formula is 


. « 3 log T+ios <22^ . 1.5 w. 


where k is Boltzmann's constant and cr is the number of valency electrons in 
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It may be mentioned that whereas Saha takes as his criterion 
the just detectible appearance or disappearance of a given 
absorption line (to which Fowler and Milne refer as the " method 
of margmal appearance”), Fowler and Milne prefer to con- 
sider the place in the stellar sequence at which a given line 
attains its maximum intensity. This method of approach 
eliminates many of the difiSiailties inherent in the method of 
ma rginal appearance, which involves assumptions as to the 
smallest fraction of atoms which will ]ust give the Ime, and as 
to the relative abundance of the element giving the hne 
A singlft diagr am can be constructed from which the per- 
centage ionisation may be determined for a given pressure, 
temperature, and iomsation potential. The pressure is usually 
only required to the approximation given by the nearest whole 
number power, positive or negative, of lo, which eliminates 
reference even to a book of logarithms To prepare the 

diagram (4) is used to plot T as ordinate against log 5 as 

abscissa for a constant value of F, the ionisation potential , a 
large number of different values of V are selected, to each of 
which belongs a curve on the diagram. Just below, and 

Px^ 

parallel to, the axis of log- - a scale is constructed such 

Px^ 

that under each value of log j is found the corresponding 

value of X, P being taken as i * thus under the value 0 for 

. 

lo? a found the value V’5 on the x scale. To use 

X — x^ 

the diagram to find x for given values of P, V and T, V and T 

Px^ 

are first taken, and from them log , can at once be deter- 

x-x^ 

mined. From this subtract log P, which, if P be given to the 
approximation suggested, will be a whole number.* We thus 

equivalent orbits. This equation difers from (5) only in that the logarithmic 
term is multiphed by o* (cf. equation (2)) and that a term log 6(r) is added. 
This last term, which cannot be discussed here, is negligible for all atoms except 
H and so that, if cr =1, (5) may be taken to be Fowler and Milne's formula. 

* If P be not a whole number power of 10 the diagram can still, of course, 
be used, but reference to a book of logarithm tables will be necessary. 




Fig 6i. 

Diagram for determining percentage ionisation at a given temperature and pressure for an atom of given ionisation potential, 

• The drawing from whith this diagram was reproduced was kindly executed for me by Mr, A. V. Kemson 
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get a value of log 5, and the number found vertically below 

this on the x scale is the required value of x. 

In Fig. 61 such a diagram is given. Not only, however, does 
this express the results given by equation (4), but it can also 
be used if Fowler and Milne’s equation (5) be adopted. For 
this a second scale, marked as ay scale, is given • the procedure 
is exactly the same as before, P being now the partial pressure 
of the electron gas, and y the fraction expressed in (5) by x. 
A new S3unbol is adopted on the diagram to avoid confusion. 

As far as stellar spectra are concerned, we must content 
ourselves with the bnefest reference to the large body of 
important work which has been based on Saha’s theory.* It 
is dear that the appearance of characteristic lines m the 
spectra of stars of a given dass will enable us to make an 
estimate of the temperature, and that in the light of the theory 
we can trace a connection between the density of the star, the 
temperature, and the spectral emission Thus the fact that 
giant stars of a given spectral t5q)e have lower effective tempera- 
ture than dwarfs of the same t3q)e, and yet give a spectrum in 
which the spark lines are stronger, is at once explained by the 
lower pressure prevailing in the atmosphere of the giant, which 
leads to increased ionisation E. A. Milne and R. H. Fowler, 
both together and independently, have developed and extended 
Saha’s work, and obtained a variety of interesting results which 
are beyond the scope of this book. The object of this brief 
astrophysical disqmsition has been rather to indicate the 
nature of the application of atomic theory to astronoimcal 
problems than to describe, even in outline, the results obtained 
The opportunity to discuss Eddmgton's fascinating work on the 
physical conditions prevaihng in stars is tempting, but would 
lead us too far afield. 

Thatmodynamics and Atomio Structure. The essential features 
of the Bohr atom — ^the existence of stationary states, transi- 
tion between which attends the emission or absorption of 

• Reference may be made to a paper by E A. Milne, " Recent Work m 
Stdlar Physics," Proc. Phys. Soc. London, 86, 94, 1924. A full account of 
stdlar spectra in the light of modem atoimc theory is given by C. H. Pa3me m 
Stellar Atmospheres, Harvard University Monographs, Cambridge, Massa^ 
chusetts. 
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radiation ; of a definite minimum energy of the atom which 
corresponds to the most stable state ; and of a definite addi- 
tional amount of energy which corresponds to the complete 
separation of an electron from the atom — ^have been mtroduced 
into the treatment of thermodynamical problems, to provide a 
mechanism for the interchange of energy between radiation and 
matter. Investigations of the equilibrium between atoms, 
electrons and radiation have led to results of fimdamental 
importance, especially for astrophysical problems. To attempt 
anything like an adequate summary of what has been done in 
this direction would obviously take us far outside the plan of 
this book, but since these advances are essentially connected 
with the theory of atomic structure, a brief accoimt of the 
principles from which they start will now be given. 

The first application of Bohr’s theory to problems of thermo- 
dynamic equihbnum was made by Einstein, who showed how 
the assumption of stationary states could be made to yield 
Planck’s law for the distnbution of black-body radiation, 
represented by the well-known formula 


IM = C~ 


A-5 . d?. 


ealKT_j.’ 


where I),d2, is the energy of radiation whose wave-lengths 
he between X and X +dX. Emstein’s deduction involves two 
theoretical results which have long been established. The first 
is Wien’s law, which says that in a uniform temperature 
enclosure the energy is distnbuted among the wave-lengths 
according to the formula 

IJX=CX-^f{XT) dX, 

where /( XT) is the function whose form we have to find. Wien’s 
formula is derived from consideration of the thermodynamic 
behaviour of black-body radiation enclosed alone in a chamber 
with perfectly reflecting walls, and its validity is, in consequence, 
quite independent of any mechamsm assumed for the mter- 
action between atoms and radiation, i.e. for the emission or 
absorption of the radiation by matter. 

The second is a theorem of Boltzmann’s,* which refers to 
a system of gas molecules, possessing potential energy, in 

* Boltzmann, Vorlesung&n uber Gastheorie, 1896, page 136. 
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thVrmal eqiulibiitm at a temperature T. This states that the 
ratio of the number N-i of molecules possessing energy Ex to 
the number possessing energy Eg is given by 

where k is Boltzmann's constant.* Thus, to take a very 
simple example, m an atmosphere under gravity the pressures 
at different places are proportional to the numbers of mole- 
cules per unit volmne at those places, and the difference of 
potential energy is mgx per molecule, where x is the vertical 
distance between two levels and m is the mass of the molecule. 
Hence 

Pi ^1 a-mgxIhT o-litxIST 

prN^ 

where M is the gram molecule and R the gas constant, which 
is the familiar result. 

Instead of considering, as in Planck’s original proof, a linear 
oscillator as the system by which radiant energy is transformed 
and equilibrium maintained, we now consider a Bohr atom, for 
which various stationary states, possessing negative energies, 
El, Eg, Eg,... are possible. E^ is the negative energy corre- 
sponding to the stable, normal state. It is an essential feature 
of Bohr’s theory that the atom in an exated state, which we 
may take as state n, has an inherent tendency to return to the 
normal state i . for this return there is a certain probabihty, 
independent of the temperature or density of radiation, which 
we will call Einstein refers to this spontaneous radia- 

tion as “ issuing radiation ” {Ausstrahlung). The atom has no 
tendency of itself to pass from state i to state n . under the 
influence of radiation, however, we know that it can do so 
with absorption of radiation of frequency v^,, say. The prob- 
ability of the transition is proportional to the intensity of 
the radiation ; let the coefficient of proportionahty be 
The field of radiation will also have its effect on the probability 
of transitions from state n to state i, since it is reasonable to 
assume that the phase equality between the radiation emitted 

* k = jj! « 1*37 X to In other words, k is^the gas constant for a single atom. 
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in the transition and some of the radiation existing in the field 
will have a disturbing effect on the atomic S 3 ^tem. This gives 
an additional probability, proportional to the density of 
radiation of frequency Vj,. We will denote the probability of 
transition, due to this radiation, by It is to be noted 

that two of the probabilities considered are proportional to 
while the third is independent of J,. Einstein speaks of the 
effects which are proportional to the intensity of the field of 
radiation as due to “ entering radiation ” {EinstraMung). 

Let the number of atoms in state i, when equilibrium is 
established, be qx : the number of atoms in state n will depend 
upon the energy difference Ex-E^ between state n and the 
normal state, and upon the temperature, in a way given by the 
theorem of Boltzmann’s already quoted. Let this number, 
then, be ^ where is the a ‘priori probability, or 

weight, of the state q^ is, of course, independent of J. 
For equilibrium the number going from state n to state i 
must equal that going from state i to state n, or 

+ /A^i) it (6) 

We can get a relation between and by making the 
very natural assumption that J„ increases indefimtely with T : 
making T very large, we get, from (6), 

<llBi^n=qnBn-*V 

Using this relation, we have, from (6), 


r ^ 


F 


X 

^{Ei~“En)lkT _ j 


(7) 


where F is independent of the temperature, but a fimction of v. 
From Wien’s law we have . («) must involve T only in the 
form /(AT), t.e.f{Tjv), and (6) F must be proportional to A"*. 
From {a) we have Ex-E^=akv, where a is a constant. This 
represents Bohr’s fundamental assumption. From (b) we then 
have 


which is Planck’s formula as usually given. We have expressed 
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it in wave-lengths rather than frequencies, because it is usually 
so given in the tejrt-books. In terms of frequencies it becomes 


I, 


dv=C 


r® . dv 


Recently Eddmgton has shown how, by an adaptation of 
Einstein’s method, Planck’s law can be deduced without 
^cpniniTig Boltzmann’s equation. Eddington assumes Wien’s 
law, and that ly increases indefinitely with T, just as does 
Ebstein, and further invokes the Bohr condition ahf=E^-Ey^ 
which Einstein proves. This last assumption makes up for 
renouncing Boltzmann’s formula, which Eddington denves 
from his assumptioh. 

This method of Emstem’s has formed the starting-point of 
several investigations on the interaction of radiation and 
gaseous atoms. Thus both E. A. Milne and R. H. Fowler have 
considered the equihbrium of atoms, electrons and radiation, 
thereby introducing a third party mto the equihbrium. 

Essentially involved in such problems, where the collisions 
of electrons and atoms, and the related radiations, have to be 
statistically considered, are certain deductions for which we 
are indebted to Klein and Rosseland. They distinguish 
between impacts of the first kind and impacts of the second kind ; 
the nature of the distinction will now be discussed. 

We know that when an electron possessing energy greater 
than the resonance potential stnkes an atom it may (but need 
not necessarily) transfer energy to the atom, producing a 
higher stationary state, return from which is accompanied by 
radiation. Such an impact, in which the energy of translation 
of particles is wholly or partly converted into energy of excita- 
tion, is called an impact of the first kmd Now Klem and 
Rosseland have shown, by thermodynamic reasoning, that the 
reversed process must also take place, i.e. that if colhsion takes 
place between an atom in an exated state and a particle, the 
excited atom may return to its normal state without radiaiion, 
the energy which would appear as radiation if the atom were 
to pass spontaneously from the higher stationary state to the 
lower appealing as kmetic energy of the particles. We then 
have an impact of the second kind, We may summarise this 
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by referring to the process as reversible, and expressing the 
collision between an atom and an electron by « ^ (E' —E) +e', 
where e, e' are kinetic energies of the electron, e being greater 
than e', and E' , E are the energies of the atom in the excited 
and normal states respectively. The arrow pointing to the 
right corresponds to an impact of the first kind, the arrow 
pointing to the left corresponds to one of the second kind 

The necessity for the impacts of the second kmd can be 
seen from a quite simple argument. Suppose we have atoms, 
dectrons and radiation shut up in a perfectly reflectmg uniform 
temperature enclosure. We have already seen how, for the 
case of no electrons present, Einstem was able to deduce 
Planck’s radiation law from the equihbnum. Now suppose 
that the electrons which we have introduced can only carry 
out impacts of the first kind. They have then a mechanism 
by which they can lose energy, and no mechanism by which 
they can gain it, so that the electrons as a whole wiU fall in 
temperature, while the atoms and the radiation wiH increase m 
temperature, until all the electrons have energy equal to the 
lowest resonance potential. The establishment of such an 
inequahty of temperature would violate the second law of 
thermodynamics, so that if we wish to retain this law we must 
assume the reverse mechanism which we have described. 

Milne and R. H. Fowler independently have extended these 
ideas to the mechanism of lomsation by colhsion between 
atoms in a gas at high temperature in equilibrium with its 
surroundmgs If an atom possessing sufi&cient relative energy 
strike another atom, it may ionise it, producing an ion and an 
electron, both possessing a certain amount of energy The 
reverse process demanded in this case is a three body encounter 
between an electron, an ion, and an atom, in which the 
electron returns to the ion, the balance of energy appealing as 
kinetic energy of the atom If 1 be the energy of the ion, 
A and A' the energy of the stnking atom before and after 
impact, we can write as above 

A:^(/-£) + c + A'. 

Discussion of the use to which Mfine and R. H. Fowler have 
put considerations of this kind would take us too far afield. 
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The case of a gas in temperature equihhrium with its sur- 
roimdings must, of course, be carefully distinguished from that 
of a gas exated to radiation by some outside mfluences, such 
as a stream of electrons whose individual energy is high com- 
pared to that of a gas molecule, or a radiation from an external 
high temperature source. Such cases will be discussed when 
we come to deal with the problems of resonance radiation, to 
which TCIftin and Rosseland's theory has been applied by 
Franck and his students 

Resonance Radiation. Striking confirmation of the general 
theory of spectra has been afforded by the study of resonance 
radiation. When sodium vapour at a suitable pressure is 
illuminated by light of the two D lines of sodium, that is, the 
first pair of the principal senes, it re-emits light of the wave- 
length of the D lines in all directions, and it is to such a re-emis- 
sion without change of wave-length that R. W. Wood, who 
has earned out extensive mvestigations on the subject, gave 
many years ago the name resonance radiation, since on the 
classical theory such radiation had to be attributed to resonat- 
ing systems in the atom which responded to waves of their 
own free penod. Such a radiation could, of course, be explained 
on any theory in which the atoms contained vibrating electrons 
of certain penods, and the somewhat complicated polansation 
phenomena observed when the resonant light is excited by a 
plane polarised beam, both with and without magnetic field, 
do not compel a decision in favour of either classical or 
quantum theory * 

Results which speak clearly for the quantum theory, and are 
inexplicable on the classical theory, have been obtained by the 
present Lord Rayleigh, who excited the sodium vapour not by 
the first pair of the pnncipal senes of sodium, but by the 
second pair which lie in the ultra-violet, AA 3302*34, 3302*94, 
ahd correspond to the transitions 2®Pa, 2®Pi to i®Si. Tlus 
radiation, obtained in strength by means of a sodium vacuum 
arc, exates the vapour on which it falls to a strong emission of 
the P lines ; there is no connection between the frequencies of 

* For a discussion of R W. Wood and A. Ellett's very interesting dis- 
coveries of the remarkable effect of weak magnetic fields on the polarisation 
of resonance radiation, see G. Joos, Phys. Zettschr-, 25* 1 31 , i 924 » and P. Prmgs- 
heim, Zeitschr.f, Phys , 28, 324, 1924. 
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the two pairs which admit a mechanical explanation of this 
fact. On the quantum theory the D lines are to be expected, 
as can be seen at once from a study of the level diagram for 
sodium, Fig. 62. The exciting light sends the optical dectron 


Fouler*s 

notation 


Neu 





Level diagram for the sodium atom. 


to the 2*‘‘P levels. From here it can return direct to i®Si, 
emitting A 3302, which was, however, not observed by Lord 
Rayleigh It can also pass to 2®Si, and from here to 
i^Pa, but not direct to i®Si, since this transition would ijot 
change h. The radiations involved in thus passing to the i^P 
levels would not be observed, as they lie in the mfra-red The 
return from the i®P levels to the basic level gives the D lines, 
as observed. 

Among a number of other interesting resonance radiation 
experiments we select a group which are of particular impor- 
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tance as furnishing strong confirmation of the theory of impacts 
of the second kind put forward by Klein and Rosseland. 
They considered the impacts between an atom and an electron : 
Franck extended the same notions to the impact between 
atom and atom, so that in an impact of the second kind a 
collision between an excited and an unexcited atom results in 
the excited atom returning to its stable state without radiation, 
the energy so set free appearing as energy of translation shared 
between the atoms according to the laws of momentum.* He 
deduced from this many striking results which have been 
confirmed by experiment, as will now be discussed. 

We consider first the quenching of resonance radiation by 
the admixture of a foreign gas. .Some years ago R. W. Wood, 
whose researches opened up this fascinating field of experiment, 
showed that a trace of air diminished markedly the resonance 
radiation excited in dilute mercury vapour by the mercury 
line A 2537, and that by increasing the amount of air the 
intensity could be decreased in exponential fashion. The 
absorption suffered by the primary beam was httle affected, 
which would seem to indicate on the quantum theory that the 
mercury atoms are actually excited, but return to the normal 
state without radiating. Franck’s view is that the mercury 
atoms are exated, but that when there is an appreciable 
quantity of foreign gas present impacts of the second kind 
may take place before the atoms have radiated at these 
impacts the mercury atoms return to their stable state without 
radiation, the (internal) energy of excitation being shared 
between the mercury atom and the foreign atom as (external) 
energy of translation. Carlo has earned out interesting expen- 
ments on the quenching of mercury resonance by admixture of 
an inert gas which confirm this view'. If, say, argon be added 
the intensity dumnishes according to an exponential law as the 
pBessure of the argon increases. A relation can be obtained 
between the number of impacts of the second kind and the 
duration of the exated state, since the dimmution of intensity 
of the resonance radiation is due to impacts taking place 

♦ In the case of molecules the energy might be converted mto energy of 
rotation or vibration, but this leads us mto the theory of band spectra, vith 
which we are not concerned. 
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between argon and mercury atoms before the latter have had 
time to return to their stable state. Carlo assumes that every 
impact between an excited mercury atom and an argon atom 
is an impact of the second kind, takes for the mean duration 
of the excited state a value lo-® sec. (see p. 316), and calculates 
the number of impacts of the second kind. From this the 
ordinary considerations of the kinetic theory enable an efiEective 
diameter to be calculated for the excited mercury atom, talring 
the ordinary value for the diameter of the inert gas atom. 
The value for mercury derived from expenments in which the 
quenching was effected by a mixture of hehum and neon is 
about three times the value ordinarily taken for the diameter 
of the atom : a similar result was found from calculations 
apphed to Wood’s original experiment. Now in the excited 
state, corresponding to A 2537, where the optical electron 
occupies a i®Pi orbit much larger than that in the unexcited 
atom, the ejffective diameter must be increased, and this value 
seems reasonable. The assumption that all the impacts 
between excited and unexated atoms are of the second kind 
is therefore justified, or to be cautious, one can at least say that 
the ratio of the number of impacts of the second kind to the 
total number of impacts between excited and unexcited atoms 
cannot be small compared to i The results with argon gave 
for the mercury atom a diameter about five times the normal • 
this seems to indicate that for this gas the percentage of 
impacts of the second kind is somewhat smaller. 

Of course, atoms of any one kind can make impacts of the 
second kind among themselves, and it is well known that 
the intensity of resonance radiation dimimshes rapidly as the 
pressure of the vapour itself is raised. At very high pressure 
the number of quantum switches which should take place in a 
given time is very small compared to the number of impacts 
between excited and unexcited atoms, and hence there is no 
appreciable resonance radiation. A very good example of the 
effect of these impacts of the second kind in an uncontaminated 
vapour IS furmshed by another experiment of R. W. Wood. 
He has shown that, when mercury vapour is excited by K 1849 
(i^Sq - , besides the hne A1849 the line A2537 (r^S„ - i*Pi) 

can also appear in the resonance radiation. Now the transition 
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(iiPj-i»Pi), accompanied by radiation, is forbidden by the 
selection principle (cf. Fig. 50), The selection prinaple, how- 
ever, does not apply to radiationless charges. Hence we may 
suppose that mercury atoms which have been excited by 
2 1849 to the i^Pi state can, on impact with normal atoms, 
pass to the i®Pi state without radiation, the energy appea ring 
in the way characteristic of an impact of the second kind. The 
line A 2537 can thus be emitted. 

A very pretty example of impacts of the second kind is 
^fu rnish ed by what Franck calls sensitised fluorescence. Con- 
j sider two different speaes of atoms, A and B, and a given 
' exated state in each : the energy correspondmg to the exated 
state will be different in the two atoms. Let v, v' be the 
frequencies correspondmg to a quantum switch from the normal 
state to the excited state for A and B respectively, and suppose 


Qas A 



Fig. 63 

To illustrate sensitised fluorescence. 


v>v'. Then an excited atom of A, possessing internal energy 
hv, can, on an impact of the second kind, transfer the whole or 
any fraction of this energy to a normal atom of B, and so can 
excite the atom of B, the balance of energy h{v - v') appearing 
as translational energy of the atoms Hence if to a vapour A 
excited to fluorescence by monochromatic radiation from an 
external source be added a second vapour B possessing an 
excited state, or states, of less energy, then atoms of this second 
vapour, which would not respond to the incident radiation at 
all, ^ould themselves emit a radiation which we may speak of 
as sensitised by the presence of the vapour A . Such sensitised 
radiations have beai produced expenmentally by Carlo and by 
Carlo and Franck. Carlo used mercury vapour to sensitise the 
radiation of thallium. The two metals were put in separate 
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branches of a tube, the mercury being heated to ioo° C. and the 
thallium to 800° C., and the mixed vapour was irradiated by 
X 2537 from a mercury lamp. The mercury should then be able 
to excite any atom possessing the requisite stationary states to 
emit wave-lengths greater than X 2537, Cario obtained with 
thalliu m the lines XX 5351, 3776, 3520, 3519, 3230, 2918, %.e. all 
the lines theoretically possible if be taken as the normal 
state, as indicated by other arguments. A very beautiful 
extension of these experiments was made by Cario and Franck. 
They found that thallium could be made in this way to give a 
line X 2238, which has greater energy than X 2537. This they 
explained by supposing that an excited atom, taking part in 
an impact of the second kind, could hand over not only its 
internal energy of excitation, but, together with that, the whole 
or part of its energy of translation : this energy of translation 
was sufficient, in the case of the mercury atom, to account for 
the excess energy of A 2238 over A 2537. The explanation was 
substantiated by expenments m which the resonance radiation 
was sensitised, once more by mercury, in cadmium vapour. 
With this vapour certain hnes, originatmg in stationary states 
higher than would be accounted for if the energy of A 2537 
were alone taken into account, appeared at high temperature, 
and not at lower temperatures, quantitative agreement being 
obtained. 

The general conclusions as regards the radiationless impacts, 
or impacts of the second kind, are as follows Two atoms, in 
stationary states, can, on collision, pass to other stationary 
states without radiating. The transitions which can take 
place are conditioned by the total amount of energy owned 
jointly by the two atoms , it is indifferent whether this energy 
exists as internal quantum energy (energy of stationary states) 
or as external translational energy. Changes of internal 
energy can only take place in quantum jumps the transla- 
tional energy provides a stock from which energy may be 
drawn to make up the necessary quantum amount, and to 
which energy remaining over when the internal energies have 
been adjusted may be returned. 

Of importance for chemical theory is still another tsrpe of 
sensitising which Franck diowed was to be expected as a result 
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of impacts of the second kind. It is well exemplified by 
esperiments which he has carried out in conjtmction with 
Carlo on the dissociation of the molecular hydrogen into atomic 
hydrogen. If an exated mercury atom strikes a molecule it 
seems possible that it may hand over its energy to the molecule 
in such a way that the molecule is dissociated, provided always 
that the energy to be disposed of is in excess of the dissociation 
energy. Franck and Cario actually demonstrated that, if 
mercury vapour is mixed with hydrogen, and irradiated with 
A2537, atomic hydrogen is formed, which will make its presence 
known by reducing cold copper oxide with production of water 
vapour and reduction of pressure. They were, in fact, able to 
produce all the reactions which Langmuir gives as character- 
istic of atomic hydrogen. 

Franck has also explained by an appeal to impacts of the 
second kind certain pecuharities connected with the sensitising 
of photographic plates in the red by means of dyes. 
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CHAPTER XIII 

X-RAY SPECTRA AND THE INNER ELECTRON GROUPS 

Introdactoiy. It has been pointed out that X-radiation 
can be divided uito scattered radiation, whose frequency is 
decided rather by the distribution of energy in the exciting 
radiation than by the nature of the substance in which the 
radiation is excited, and characteristic radiation, whose fre- 
quency depends upon, and characterises, the emitting element. 
The problems connected with the former are of great interest, 
but their consideration has done little to throw light upon 
atomic structure. We will therefore put them aside, and devote 
our attention to the diaracteristic radiation, which is of the 
highest importance for our subject. 

The investigations mitiated by Moseley showed that the 
characteristic radiation has a line structure, and to-day, as a 
result of improvements in the technique of the crystal method, 
due especially to Siegbahn and his school, the Ime spectra of 
X-rays have been measured with great accuracy and detail. 
In place of the six lines measured by Moseley well over sixty 
have been detected X-ray spectra are in one respect much 
simpler than optical spectra The monochromatic radiations 
given out by a typical atom fall mto senes, just as do the lines 
of the optical spectra, but whereas in the general optical case 
the lines belonging to the different series are mtermixed, and 
have to be sorted out by the methods glanced at m the 
“ Digression on Optical Spectra ” (Chapter VIII ), in the X-ray 
case, as with the optical spectrum of hydrogen, there is no 
overlappmg of the series The hnes belonging to one X-ray 
series cover a range of wave-lengths which is quite small com- 
pared to the gap between two different series, so that there is 
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never any doubt or difl&culty attached to the attribution of a 
line to a given senes. Fig. 64 shows diagrammatically the 
X-ray spectnun of tungsten, and it will be seen that the series 
are well separated. This attribution of the different groups of 
lines to different series finds complete support in the theories 
which will be developed. So physically distinct are the K 
and L series that they were discovered by Barkla from the 
different penetratmg power of their radiations long before the 

K L M 

senes senes series 





Fig. 64. 

General type of X-ray spectrum, as exemplified by the tungsten 
spectrum. 

wave-lengths of X-rays were measured, and, in fact, the 
nomenclature of K and L series goes back to him. 

The three main series in the general X-ray spectrum are, 
then, known as the K, L and M series, of which the M series 
was discovered by Siegbahn in 1916 for the elements uranium 
to gold • smce then measurements of the M lines have been 
made down to dysprosium by Stenstrom More recently (1922) 
representative lines of a fourth senes, of still lower frequency 
than the M series, have been measured by V. Dolejsek and by 
Hjahnar This series has been named the N senes, and has 
been obtained with the three very heavy elements uramum, 
thorium and bismuth.* In a given atom aU the lines of the 

* Baxlda has of recent years discovered and discussed, m a long series of 
papers, some published in conjunction with Mrs Sale and with Khastgir, an 
effect to which he refers as the J phenomenon. It is characterised by a sudden 
increase m absorption of a primary beam of X-radiation, accompanied, when 
the absorbmg substance is a gas, by a sudden increase in ionisation. It was 
originally suggested by him that the phenomenon was connected with the 
emission of a characteristic radiation of a new series, to be called the J series, 
since it was found to occur at a frequency higher than that associated with 
the K radiation of the absorber. Further experiment has, however, con- 
vinced Barkla that the J phenomenon is not associated with a characteristic 
radiation of the K, L, M, N type, so that the choice of J to denote the effect 
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K series axe more penetrating, i.e. of greater frequency, than 
any line of the L series, and all hnes of the L series more 
penetrating than any line of the M series. The s imil arity of 
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Fig. 65 

Scheme of X-ray spectra. 

structure of all X-ray spectra enables us to trace a given Ime 
from atom to atom : if we do this we find that the line increases 

IS unfortunate. In any case, all theoretical reasoning is against the existence 
of a characteristic radiation more penetrating than the K radiation. The 
phenomenon is mtrigumg, but its theoretical bearing at present qmte uncer- 
tain, so it will not be further discussed. To quote Barkla himself *' It is 
too new and too comprehensive to describe in a few words.*’ The interested 
reader is referred to “ The J Phenomenon m X-Ravs,** PktL Mag, 49 , 1033 ; 

60 , 1115, 1925 
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in frequency ■with increasing atomic number. These funda- 
mental properties of the K, L and M series are exhibited in 
Fig. 65, where the wave-lengths of the chief lines of the dif- 
ferent senes are plotted against atomic number for a range of 
elements from Z =ii to Z=q 2 . Moseley’s law, coimecting the 
frequency of a given line with the atomic number, has already 
received reference in Chapter VI. The simple nature of the 
general change in the X-ray spectrum as we go from atom to 
atom is in strong constrast to the optical case. 

There is much general evidence to show that, broadly speak- 
ing, the origin of the X-ray spectra is to be sought in the 
behaviour of the inner electrons of the extra-nuclear part of 
the atom, as distinct from the superficial electrons which are 
responsible for the optical spectra The distmction between 
inner and superficial electrons is not a rigid one, since we know 
that the optical electron can penetrate into the core, although 
most of its path hes remote therefrom, arid, moreover, the 
electrons which are concerned m the emission of X-ray spectra 
may, in certain cases, have part of their orbit in the surface 
region of the atom. Such points, however, are minor ones, 
which can be best elaborated after the general features of the 
X-ray spectrum have been described they are discussed when 
the connection between optical and X-ray spectra is handled, 
and further m Chapter XIV. It is significant for the point 
under consideration that the X-ray spectra emitted by a given 
atom are, except for slight mfluences to be detailed later, inde- 
pendent of the state of chemical combination of the atom, of 
the state of aggregation, and of the temperature of the emittmg 
body — ^the same X-ray spectrum is given by an anti-cathode 
when cold, and when it has become white-hot. These are 
strong indications that the superficial electrons, which are 
concerned in chemical combmation, cohesion, and thermal 
collision, play an insignificant part m the emission of the X-ray 
line spectra. It is true that the radioactive properties of an 
element are similarly independent of the influences just 
specified. These properties are, however, unaffected by a 
bombardment of swift electrons, which excite the X-ray 
spectra. These electrons, while their energy is insufficient to 
enable them to reach the nucleus, penetrate into the inner 
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parts of the extra-nuclear structure. X-rays, then, possess 
properties midway between optical spectra and nuclear y rays 
as regards their dependence on laboratory influences, and must 
be supposed to originate between the nucleus and the periphery 
of the atom. Moseley's law supphes further evidence to the 
same effect, since if the outer electrons were concerned we should 
expect strongly marked periodicities corresponding to the 
occurrence of the periodic chemical properties. This law may 
further be taken to furnish an indication that, to a first approxi- 
mation in any case, the inner structure of the atom is steadily 
built up in such a way that, as we proceed from atom to atom 
in the direction of increasing Z, certam groups of inner electrons 
are formed which remain as a feature of subsequent atoms. 
As will be expounded later, this hypothesis is generally accepted. 

Frelimmaty Scheme of Intemal Stractnie : Circular Orbits. To 
form a rough prelimmary idea of the structure of the atom, as 
mdicated by X-ray spectra, we need consider only the chief lines 
and the most fundamental results. Denoting for the moment 
by Ka, K^, Ky ; La, L^, Ly ; Ma, Mp, the frequencies of the 
more mtense Imes of the K, L and M senes,* consideration of 
the experimental data shows that the followmg combination 
relations are approximately, but not quite, true the lack 
of exactness is important, and its origm will appear m the 
more detailed discussion that follows, but may be temporanly 
neglected 

K^-Ka^La, Ky-Ka=L^, Ky-K^=Ma and Ly-Ia=Af;ff. (i) 
Next, a definite minimum energy in the form of X-rays or 
cathode rays is needed to excite a given X-ray senes , if the 
exciting agent is X-rays, the energy in question is, of course, 
hvj,, while if it IS cathode rays the energy may be measured by 
the acceleratmg potential, as in the case of the optical ionisa- 
tion potential. In contrast to the optical case, however, no 
single Ime of a given X-ray senes can be excited independently 
of the others, but whole groups appear at once. 

These facts may be provisionally explamed on the supposi- 
tion that the electrons are arranged in successive rings, that is, 

* This notation is temporarily adopted for simplicity, and does not corre- 
spond in all particulars to that m current use, the lines due to a transition 
from the N level to the K level (cf. Fig. 66) is m current notation 



872 


STRUCTURE OF THE ATOM 


in circular orbits, each of which may contain several electrons. 
Our experience with optical spectra suffices to warn us that 
circular orbits are adequate for a rough general description 
only, and this crude representation will be replaced later by a 
more elaborate scheme. The ring nearest the nucleus is known 
as the K ring, and the others, proceeding out, as the L, M, 
N .. . rings, the rings being named by these letters because each 
one pertains in a special way to the series so denoted. The 
(total) quantum number of the K nng is taken as i, of the L 
rings as 2 , and so on, as with the orbits of the hydrogen atom, 
which, however, in contrast, are in general unoccupied by 
electrons. To exate a given senes, say the K series, it is neces- 
sary as a prelimmary to remove an electron from the K ring 
to the periphery of the atom, by which is meant to some orbit 
outside the occupied rings of electrons. The gap so created is 
filled not by the return of the original electron, but by an 
electron from the L, M or N raig , such a quantum switch will 
give rise to, respectively, the a, ^ or y line. The further out 
the ring from which the electron is replaced, the bigger the 
energy change and the greater the frequency of the emitted 
Ime. Similarly, to excite the L series an electron must be 
ejected from its seat in the L nng to an unreserved seat outside 
the atom, and replaced by an electron from the M, N or higher 
nng.* This simple scheme is expressed in Fig 66, where the 
different rings, or energy levels, are exhibited diagrammati- 
cally. The arcles must not be taken as representing the 
relative sizes of the orbits, but only the classes of transitions 
correspondmg to the excitation and emission of the different 
series. This scheme, which was first put forward by Kossel, 
accounts for : 

(а) The fact that all the hnes of a given series have the same 
limit of excitation energy. 

(б) The fact that for a given atom a greater energy is needed 
to excite the K than the L series, and a greater to excite the L 
than the M senes. 

(c) The combination relations expressed m equation (i). 

• The gap so caused in a higher nng must, of course, be in its turn filled by 
an electron ultimately by a peripheral electron, which will be captured to 
make the atom neutral again. 
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(d) The fact that the greater the atomic number of an atom 
the greater is the energy needed to excite a given series. With 



Prehminary scheme of energy levels withm the atom, with 
corresponding X-ray emissions. 

a greater nuclear charge more work is required to remove an 
electron from a given mner ring. 

Another way of representmg the quantum transitions, which 
is often adopted, is shown m Fig. 67. Here a horizontal Ime 
represents each energy level, whatever the shape or nature of 
the corresponding orbit may be, and the transitions are mdi- 
cated as before This method of representation has already 
been used for optical spectra 

The combmation relations (i), which are represented in 
these simple diagrams, do not hold exactly for the Imes given, 
nor, indeed, for any Imes of the X-ray spectrum, when the 
spectra are carefully measured, though the deviations are 
never large One of the chief objects of the more elaborate 
models which will be described is to account exactly for the 
frequency relations between Imes of different senes of the same 
atom, and in general, to represent by properly chosen energy 
levels all the hnes of the X-ray spectrum. Another task is to 
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link up the X-ray spectra with the facts expressed m the 
periodic table. 

It is to be noted that one of the chief distinctions, on 
this theory, between optical and X-ray spectra, is that the 
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orbits between which transitions take place are, in the optical 
case, of such a class that, in general, only one of them is occupied 
at a time, and that by the optical electron In the X-ray case 
a place has to be made for an electron in a group of occupied 
orbits by the removal of an electron, and the electron which 
replaces it comes, in general, from one of a group of occupied 
orbits. This fact is sometimes expressed by calling the optical 
orbits virtual orbits, as distmct from the real orbits mside the 
atom. The question of the border relations between optical 
and X-ray spectra is discussed m a special section at the end of 
this chapter. 

If we could suppose that the atoms of higher atomic number 
behaved simply as hydrogen atoms of higher nuclear charge, 
i,e. if we could neglect the effect of all the other electrons on 
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the electron concerned m the quantum switch, then by formula 
(4) of Chapter IX , 


wJ^^.k=RZ>hoX 


A* 






The wave number of the Ka line, due to the passage of an electron 
from the L ring to the K ring, would be given by 


and of La by 

Moseley gave the formulae 


as representing his measurements on the X. and L. line, i.e. 
formulae of the general type 


V 






These formulae do not represent the frequencies quite accu- 
rately ; when is plotted against Z the line shows a shght 

^ XV 


but systematic curvature Fig. 68, to which reference has 
already been made m Chapter VI., exhibits the so-called Moseley 
graphs for the chief lines of the K, L and M senes The nature 
and degree of the departure from Imearity can be seen from 
inspection of the diagram , this feature has been explained 
on relativistic grounds, discussed later. For the moment, 
Moseley’s formulae represent the facts closely enough. 

The constant z which is to be subtracted from Z represents 
the action of the other electrons present m diminishing the 
effect of the nuclear charge on the particular electron con- 
cerned m the switch, the so-called screening effect. The extreme 
case of screening occurs, of course, when a single electron is 
removed to a great distance outside an atom, a case which we 
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have considered in connection with optical spectra. The 
nuclear charge is then reduced to an effective charge of one 
unit. In the general case of the simple ring theory we have 
for tlie term value to consider the energy of the atom when one 
particular electron is removed from its orbit. The presence of 
the electrons in rings internal to this orbit clearly diminish 



Fig 68. 

Mosdey graphs for all the chief lines of X-ray spectra. 

the effective nuclear charge by a quantity approximating to 
their total charge, and the electrons sharing the circular orbit 
with the switchmg electron also play a part in the screening 
effect, since they exert repulsive forces which have a radial 
resultant. The external rings of electrons have also to be 
considered ; they exert a screening influence which finds an 
expression in the increased firmness with which they are bound 
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when an electron internal to them is removed. Hence it is 
clear that, for the circular orbit scheme, the term aiergy rjtn 
be expressed in the form 

W=Rho(Z-„^^L (a) 

where is constant for a given «th ring, but clearly mcreases 
from ring to ring as we go out. Various calculations were at 
one time made on the basis of the ring model as to the magni- 
tude of this screening constant, but it is now generally realised 
that the ring model is quite inadequate to do more than give a 
quantitative description of the most important facts, and that 
such numerical computations are of little value. On general 
grounds the screening constant would be expected to be dif- 
ferent for terms belonging to different K, L, M ... levels, as 
expressed in (2), and therefore Moseley’s formula, which takes 
one screenmg constant for a combination of two terms, is a 
comproimse which does not express the most general relation- 
ship. In considering later the relation between frequency and 
atomic number, the terms, rather than the Imes, wiU be 
discussed 

Moseley’s formulae, however, were the expression of a clearly 
realised analogy between the X-ray spectra and the hydrogen 
line-spectrum, and suffiaent to enable him to draw the most 
important theoretical conclusions from his measurements. 
His formula for La, which gives a very fair representation over 
the range of his measurements [Z =40 to Z=y<)), is the formula 
for the hydrogen line with a screened Z charge in place of 
imit nuclear charge 

Excitation and Absorption. Very important mformation as 
to the grouping of the electrons has been derived from the 
study of the absorption phenomena connected with X-rays. 
Closely connected with absorption is the question of excitation, 
since if radiant energy in traversing the atom is converted into 
a characteristic radiation it must disappear m its origmal form, 
and be absorbed Both X-ray and optical lines may be excited 
either by appropriate radiation, or by movmg electrons of 
appropriate energy, but there are characteristic differences 
between the two cases. As already mentioned, the lines of a 
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given X-ray series cannot be exated separately. Considering 
the K series, as the potential of the tube is raised, with corre- 
sponding increase in the energy of the individual electrons of 
the cathode stream, no K line appears imtil a certain critical 
potential is reached, when the whole K series appears simul- 
taneously. When the cntical exciting frequency is calculated 
in terms of the potential V from the usual quantum formula, 

kmetic energy = Ve=hv^, 

it is found to be slightly harder than any observed K line — to 
correspond, in fact, to the hmit of the K series. 

This is well exemplified in Fig. 69, which shows the vanation 
of intensity (as measured by the ionisation produced) of the 



Fig 69. 

Vanatloa of intensity of lines of K senes with potential. 

a and ^ lines of the K radiation of rhodium with the potential 
in the X-ray tube producing the radiation. It will be seen that 
both radiations set m sharply at about 23 ’25 kilovolts. The 
^ radiation corresponds to about 23 •! kilovolts, according to 
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the quantum rdb.tion, while the a radiation corresponds to 
about 20 kilovolts, yet at 20 kilovolts there is no sign of its 
appearance. (It is interesting to notice that the relative 
intensity of the two radiations is approximatdy constant at 
different exciting potentials.) 

If X-rays be used for the excitation of the K series they 
must exceed m frequency the hardest K line, whence the 
term “ fluorescent radiation ” They thai excite the whole 
K spectrum. 

Turning to the question of absorption, it is to be expected 
that if a heterogeneous beam of X-radiation be sent through a 
sheet containmg atoms of a given element, there will be a 
sharp absorption edge, since all rays of wave-number less than 
a cntical value v will be imable to excite the characteristic 
radiation, and so will presumably be comparatively little 
absorbed. The absorption has been examined expenmentally 
by letting X-radiations of a continuous range of wave-lengths 
from, say, the tungsten anti-cathode of a Coohdge tube,* fall 
upon the reflectmg face of a crystal, of rock salt, for instance, 
which is slowly rotating To each wave-length corresponds a 
particular angle of reflexion, so that the different angles 
successively presented by the rotation reflect selectively each a 
different wave-length from the continuous range, and the radia- 
tion IS spread out mto a continuous spectrum, on which, of 
course, \>^1 also appear the characteristic Imes of the metal of 
the anti-cathode f If now a thin sheet of the matenal to be 
mvestigated is introduced between the crystal and the photo- 
graphic plate used to register the radiation, the wave-lengths at 
which special absorption takes place are recorded. It is found 
that sharp absorption edges do appear on the plate, representing 
the boundary between frequencies which are transmitted and 
frequencies for which there is characteristic absorption Similar 
results have been obtamed usmg the ionisation chamber mstead 
of the photographic plate to register the transmitted radiation, 
successive measurements bemg made at different angles. There 

* It must be remembered that the characteristic radiations are always 
accompanied by heterogeneous, or “ white/ radiation, which, in fact, con- 
stitutes the greater part of the energy of X-radiation. 

tFor details of methods of X-ray spectroscopy, including the rotating 
crystal method, see W. H. and W. L. Bragg, X-Rays and Crystal Structure. 
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is always an edge separating two regions ; the very narrow 
absorption regions, typified by the Fraunhofer lines, which 
occur in the optical region, do not appear with X-rays. These 
absorption edges were first studied by de Broglie. 

The sensitive emulsion of the plate contains silver and 
bromine, which also exert their characteristic absorption on 
the incident X-rays. This absorption in the plate manifests 
itself, of course, as an additional blackenmg of the plate, 
while, on the other hand, absorption by a foil interposed 
between plate and crystal is represented by a diminished 
blackening of the plate. Edges correspondmg to silver and 
bromine appear in all plates, with hght and dark regions 
reversed in comparison to results obtained by the ordinary 
method. Fig. i, Plate VI.,* shows the K absorption edge for 
the three elements cadmium ( 2 '= 48 ), antimony (Z=5i), and 
barium (Z=56). Ag is the absorption edge for silver {Z =47), 
on the left of which we have increased blackening due to the fact 
that all wave-lengthsshorterthan that corresponding to the edge 
Ag are selectively absorbed. The absorption edges of the three 
different metals are represented by the stepped boundary 
which divides a darker region on the nght from a hghter on the 
left. Fig. 2, Plate VI., exhibits on a single photograph the 
K absorption edges of neod3nnium ( 2 =60), praseodymium 
(Z=59) and lanthanum (^=57). The K emission hnes of the 
tungsten composing the anti-cathode are also visible on the 
photograph. 

For the K senes one absorption edge, corresponding to the 
limiting frequency of the K emission spectrum, is observed, as 
expected. For the L series, however, in the most general case 
— ^for heavier elements — three distinct absorption edges have 
been detected. Fig. 3, Plate VI., shows the edges in the 
cases of uranium and thorium, all three (Lj, £„, Ljjj) bemg 
visible for uranium, while for thorium is too famt to show 
in reproduction. The three L absorption edges have been 
measured for silver and practically all the heavier elements. 
Corresponding to these three absorption edges Webster and 
Clark, employmg a tube with a platmum anti-cathode, have 
detected three different exatation potentials for the L series. 

* I am mdebted to M. le due de Broglie for all three photographs of Plate VI. 
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The A' Absoiption Edge foi Cadmium, Antimony, and Barium, (de Bioglie ) 
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The A’ Absorption Spectrum of a Preparation of l>id}mium (de Broglie ) 
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At about 11-45 kilovolts certain selected L lines appear 
together ; at 13-20 kilovolts another batch of lines appears ; 
while a somewhat higher potential is needed to excite the 
complete spectrum. Ho3d has found similar results with 
tungsten, the critical potentials being for this metal io-2, ii-6 
and 12-0 kilovolts. The excitation measurements have not 
been carried out systematically with a series of atoms, as have 
the absorption measurements, but they confirm the general 
result, that three different limiting frequencies are concerned 
in the L series. For the M series five different absorption edges 
have been measured by Coster for the heaviest elements. The 
character and number of the absorption edges is of the utmost 
importance in connection with the arrangement of the electrons 
in different groups, and the existence of multiple edges for a 
senes is the surest indication of the subdivision of the series 
into groups associated with different energy levels, which will 
have to be discussed m some detail subsequently. 

The energy necessary to excite a given senes, say the L 
series, is that required to remove an electron from the L ring, 
or group, to the periphery of the atom ; correspondmg to this 
energy is a cntical frequency given by the absorption edge. 
The triple nature of the L edge indicates that there are three 
different energy levels withm the group, from any one of which 
an electron can be removed to a final level which is the same 
in all cases, i.e. the energy at the penphery. Similarly, the 
five M edges indicate a subdivision of the M group into five 
energy levels Obviously this subdivision will have an effect 
on the emission lines to be anticipated, increasing their possible 
number, and giving us a freedom of adjustment to try to fit 
the combmation prmciple. 

Another way in which the levels and their subdivisions can 
be quantitatively determined is by investigating the secondary 
corpuscular radiation released from a given kmd of atom by 
homogeneous X-radiation. In discussing the work of C. D. 
Elhs we pointed out that a single y ray would release secondary 
rays of more than one velocity from a given metal, smce the 
issuing velocity, neglecting relativistic correction, is given by 
Energy of hberated electron =| woV®=Aj'j.-P, 
where P is the work required to remove the electron from the 
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influence of the atomic forces, and hence has a different value 
for each of the various energy levels from which the electron 
may come In the experiments of Ellis the object was to 
measure the wave-lengths of the incident radiation by observ- 
ing the vanous energies in the line spectrum of the secondary 
P radiation, and the available knowledge of the energies of the 
different levels was used to distinguish which of the lines of 
the corpuscular spectrum were produced by a single homo- 
geneous y radiation. If, however, a homogeneous X-radiation, 
of known frequency, be allowed to fall on a given atomic species, 
and the energy spectrum of the electrons ejected from the 
atoms under the influence of this radiation be measured, then 
the differences between the hvj, of the radiation and the various 
energies represented m the corpuscular spectrum will give us 
the energy levels from which the electrons ongmate. 

Early experiments by Kang Fuh Hu and Lewis Simons 
indicated the existence of different levels. The method has 
been used by M. de Broglie and by Whiddmgton, who both 
obtained line spectra for the secondary corpuscular radiation 
when the incident radiation was homogeneous, but the most 
extensive and accurate measurements we owe to H. Robinson 
The disposition which he used was similar to that of Ellis, 
illustrated m Fig. 7, the source S being a slit, through which 
passed the electrons released from a comparatively wide target 
by the incident X-rays The necessary homogeneous and 
strong beam of X-rays was obtamed by filtration, the radiation 
actually used being that from a copper anti-cathode filtered 
through a nickel foil, which results in the Ka doublet alone 
bemg transmitted.* The two Imes of this doublet bemg 
extremely dose, the radiation may be taken as consistmg of 
copper iCai, that bemg the intenser and harder line of the pair. 

With this method of resolvmg the secondary corpuscular 
radiation by a magnetic field, and measuring the line spectrum 

^ * This filtration offers a good example of the general laws of X-ray absorp- 
tion. The values of v/2? for the copper K radiation are 39277 and 59I-28 
for and at respectively, and Css-gi for ;8i. The hardest radiation emitted 
by mckel, vis. ifp, has v/J? =613 48 , the frequency required to excite the 
nutel K spectrum will, as we know, practically coincide with this. Any ray 
harder than v/Jf =614 will therefore be absorbed. Hence copper Kx will be 
tr ansm i t ted, copper stopped Any K isi,ys of anc proceeding from the 
brass parts of the X-rd.y tube will also be stopped, ance vJR =636 for zinc fiTa. 
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so produced, Robinson was able to demonstrate the triple 
nature of the L level down as far as strontium (2=38), whereas 
the absorption measurements had only followed it down as far 
as silver ( 2 ’= 47). Furthermore, all five M levels were 
identified for bismuth, lead, gold and tungsten (2=83, 82, 79, 
74), and, except for imperfect resolution of two of them, also 
for barium (2=56), which is a considerable extension of the 
range over which they were identified by the absorption edge 
method (thorium and uranium). The seven N levels to be 
later assumed, for which there was previously no Street experi- 
mental evidence, were identified for bismuth. Robinson’s 
work, therefore, furnishes strong confirmation of our allotment 
of numbers of sub-levels in the L, M and N groups 
The absorption edges have hitherto been said to be sharp, 
but on close mvestigation they have proved not to be sharp in 
the stnetest sense, but to have a finite breadth which has been 
alluded to by some writers as the fine structure of the absorp- 
tion edge That is, the edge is not only a boundary between 
a region of greater and less absorption, but exhibits, on careful 
inspection, a few close separated maxima • on the photographic 
plate the region of strong blackening, correspon^g to little 
absorption by the foil, has a sharp boundary, but the com- 
paratively light region which succeeds it exhibits one or two 
alternations of density, appearmg as close darker and lighter 
lines, before it settles down This fine structure has received 
a very instructive explanation at the hands of Kossel. For 
heavier atoms, with orbits of electrons actually occupied (m 
contrast to the unoccupied orbits of the hydrogen atom, for 
instance) an inner electron must be sent straight to the surface 
of the atom, there being no free orbits on the way ; this has 
already been pointed out in connection with the excitation of 
X-rays. When it has reached the surface, however, there are 
various external, or virtual, orbits which it may occupy. The 
work required to bung it to the surface is nearly as great as 
that required to send it to mfinity, smee the mtemal field is 
very strong compared to the external field, for which at some 
distance, at any rate, the effective nuclear charge is unity ; 
the small excess of work required to take the electron from 
surface to infinity should, for a neutral atom, clearly approxi- 
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mate to Rh. Starting within the region of good transmission, 
and increasmg the frequency, we should expect to find a sharp 
absorption edge at the frequency required to take the inner 
electron to the surface of the atom, and later, at a slightly 
higher frequency, coirespondmg to the removal of the electron 
to infinity, the region of continuous absorption should begin. 
Between these two frequencies, separated by Av, say, should 
be a whole complex of absorption lines corresponding to the 
various virtual orbits, i.e. to the whole optical absorption 
series, but owing to the smallness of Av compared to v, the 
wave-number of the absorption edge in question, the presence 
of only a few of the chief absorption lines can be detected, and 
that only m special favourable cases A precise analogy to the 
effect may be found in the continuous absorption band 
observed by R. W. Wood and by Holtsmark with sodium 
vapour, cited in Chapter XI. Radiations of any frequency 
greater than that required to ionise the sodium atom are 
absorbed in a continuous band . between the limiting ionisa- 
tion frequency and the first resonance frequency we have the 
complete absorption senes of sodium. 

If be the wave-number corresponding to the K absorption 

edge, then approximately v—RZ^ and = 

Fnr the Z. and M absoi'ption edges. 

Ar£_ 4 0 

Hence small Z, and an initial level near the surface of the 
atom, are favourable to the observation of the effect, as can be 
seen at once from general considerations of the energy of the 
levels. The two conditions are not compatible, since the L 
and M edges are not observed with small Z, but we conclude 
that for heavy atoms the region of selective absorption would 
be most easily detected for the M series for lighter atoms, 
where Z is small, it should be detectible for the K series. All 
these points have been confirmed experimentally. The narrow 
region of selective absorption at the edge of the absorption 
band has been detected m certain cases for all three X-ray 
series (not, of course, all three for the same element), and has 
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even been resolved into one or two close lines. The wave- 
number separation between these hnes is of the order of R. 
For the M series the effect was first obtained with uranium 
{Z = 92) and thorium (Z = 90) ; for the K senes for the elements 
from chromium (^=24) to magnesium (Z=i2). Thus the 
general conception of orbits of different quantum number 
occupied inside the atom, and unoccupied, but possible, outside 
the atom has been prettily confinned We see, too, that for 
very small Z a. “ K resonance potential ” as distmct from a 
“ K ionisation potential ” should be capable of demonstration. 

In connection with the fine structure of the absorption edges 
attention may be directed to the fact that the position of the 
absorption edge may be shghtly affected by the state of 
aggregation or of chemical combination of the atoms concerned 
Bergengren has shown that the wave-number of the K edge is 
measurably different for the different allotropic modifications 
of phosphorus, and Lindh has shown that the wave-number of 
the absorption edge for chlorine vanes markedly with the 
valency of the chlorine in the compound used to effect the 
absorption. These effects are no doubt to be attnbuted to 
modification of the energy of the external orbits by the forces 
of crystallisation and of chemical combination respectively. 

X-Bay Doublets. In dealmg with the simple theory of 
X-ray spectra based on circular orbits we have selected certain 
important X-ray lines from among the many which have been 
measured As a preliminary to a fuller discussion of the 
internal electronic structure a brief consideration of the general 
line structure and its analysis into energy levels is necessary 
This leads straightway to a discussion of the so-called X-ray 
doublets, which are of great significance for the theory. 

The nomenclature of the lines of the X-ray spectrum varies 
somewhat with different authors. That of Siegbahn is here 
adopted In order of mcreasing wave-number the four mam 
hnes of the K senes are and Oj, and forming two close 
pairs ; other Imes detected for the light element sodium and 
its followers have been called a', os, a^, 05, a*, and jS^, / 3 ', /S", 
which are close companions of the main a and jS hnes respec- 
tively. These hnes have not, however, been identified from 
vanadium (Z=23) onwards, and are not further considered 

ASA SB 
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here. The L spectrum comprises two lines, I and *1, and 
groups of a, P, and y lines : I is the softest hne m the L spectrum. 
ITiere are three a lines — Ui, oj, 03 — and, in the most general 
case, some ten or more and y lines respectively, indicated, 
like the a lines, by suffixes. The M lines are denoted by 
a, p, y, 3 . e, K, v, X» dashes for distinction when the 
same letter is used for more than one line.* It will be seen 
that the notation is not particularly uniform or satisfactory, 
but we must accept what is .provided by the workers in this 
field. 

The details of structure of the X-ray spectra have been 
revealed as a result of the great advances made during the past 
few years in the technique of accurate X-ray spectrometry, 
especially by the school of physicists working under Siegbahn. 
An example of an X-ray spectrum photograph is offered by 
Fig. 4, Plate VI., which represents the L series of ytterbium 
(X=7o) as obtained by Siegbahn. 

When the wave-numbers of the emission lines are considered 
in detail, it is found that certam of the lines can be associated 
in pairs to form doublets, the association in general being 
indicated not only by the mternal structure of the spectrum 
itself, but also by the behaviour of the selected lines as we 
proceed from element to element iCaj and Ka^ constitute 
the K doublet. For a given element there are, in the general 
case, five L doublets with a constant difference of frequency, 
namely rj-l, Pi-a^, yrpn, 7 i~/ 5 a» yt’Pt- These doublets are 
called, for a reason which will soon appear, the "relativity 
doublets.” The common difference of frequency for a given 
element is the same as the difference of frequency for the K 
doublet of the same element, which mdicatcs that the associa- 
tion of the two Ka lines has a physical significance. For 
instance, LvfR for the K doublet is 98*5 and 125 for tungsten 
and platinum respectively, which values may be compared 
with the L doublet separations in the following table. This 
table shows the frequency difference, expressed as Av/i?, 
of the L doublets of the heavier atoms, for most of which aU 

* Lately the custom of indicating new lines by the two levels concerned in 
their emission, as l^as been mtroduced^ which, m the case of un- 

important hues, which are not constantly being quoted, is convenient* 
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five have been measured. The L doublet /Si-Oa has been 
traced down to atoms as hght as niobium [Z=^x), and yg -^g 
as far down as rubidium (^= 37 ). The lighter atoms are not 
included in the table because the measurements madp- with 
them are not so complete. 


TABLE OF L DOUBLETS. 


Element 

• n-l 

^1—0* 



yc—Ps 

In— Liii 

73 

Ta 

93-33 

92-68 

91-99 

91-64 

92-33 


74 

W 

98-76 

98-54 

99-00 

98-05 

98-52 

98-71 

76 

Os 

— 

iii-o8 

— 

110-67 

— 

— 

77 

Ir 

— 

118-64 

— 

117*59 

119-49 

— 

78 

Pt 

126-18 

125-92 

125-19 

124-97 

126-30 

126-38 

79 

Au 

134-34 

133-80 

134-50 

132-37 

133*42 

135-55 

81 

T1 

— 

150-49 

149-65 

148-96 

151-22 

150-76 

82 

Pb 

159-20 

1 60 -02 

160-33 

158-39 

160*25 

160-97 

83 

Bi 

168-25 

169-73 

168-78 

167*82 

169-57 

168*81 

90 

Th 

— 

250-86 

— 

247*81 

251-26 

250*00 

92 

U 

279-11 

278-73 


276*28 

279-33 

276-66 


The doublet relationship between the lines of the spectrum 
of a given element is exhibited in Fig. 70 , where the L spectrum 
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Fig. 70 

Doublet relationship as exemplified by X-ray spectrum of tungsten. 


of tungsten is set out on a wave-number scale. The various 
pairs of Imes which exhibit the doublet interval are indicated 
by the lines terminating m arrow heads, and the Ka pair is 
shown on the same scale. For comparison the three L absorp- 
tion edges are also given. 

Turning from the relation between lines of one and the 
same element to consider how the difference of frequency 
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varies from element to element, we have the noteworthy 
experimental relation that the fourth root of Av varies linearly 
with Z to a first approximation. Fig. 71 exhibits this relation- 
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ship : for small values of Z, where the L doublet has not been 
measured, Av is taken for the K doublet. The value for neon 
{Z=io) is taken from a paper by Grotrian , the justification 
for its inclusion will appear when the relationship between 
X-ray and optical spectra is discussed. The curve in Fig. 71 
is not quite a straight line, but the linear formula, 

(3) 

is a sufficiently close expression for a first discussion. This 
formula will be developed from simple considerations, and the 
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significance of the small departure from linearity considered 
later. 

It is dear that the existence of two different L levels, Ljj 
and Lm (the third L level, Xj, will be discussed later), will 
suffice to explain both the X doublets just considered and the 
K doublet. If these two levels act as initial levels, the final 
level being the single K level, we have the Ka doublet ; if, on 
the other hand, a single higher [M, N,0 .. .) energy level acts 
as the mitial level, from which an electron can pass either to 
Xjj or to Xjjj as final level, we have an X doublet, the various 
X doublets, all of equal wave-number separation corresponding 
to various initial levels. The equality of Av for K and X 
doublets is obvious on this scheme,* and it is also clear that the 
doublet separation must equal the interval between the Xq- 
and Xjij levels, as shown by the last column in the table. 

We can clearly account for two different energy levels of 
total quantum number 2 by assuming orbits correspondmg to 
azimuthal quantum numbers i and 2 , and invoking the rela- 
tivity effect to which the fine structure of the hydrogen and 
ionised helium hnes has been attributed. Assuming a nuclear 
charge Z, and neglecting for the moment all the electrons but 
one, we have the possibility of a circular 2^ orbit, and an 
elhptic 2i orbit, with which (as explained in Chapter X.) 
different energies are associated. Since the penhelion velocity, 
and consequently the relativity change of mass mcreases 
rapidly with increase of Z, the wave-number difference Av 
between circular and elliptic orbit increases rapidly with Z. 
This IS quantitatively expressed by the theoretical formula 

(Ar),=(A.)sZ‘ 

which follows at once from formula ( 21 ) of Chapter X. 

This formula is based on the assumption of a hydrogen-hke 
atom of nuclear charge Z, and expresses the relativity X 
doublet as an enormous magnification of the optical fine 
structure. Actually, there is every reason to suppose that the 

♦ Actually a slight difference between K and L doublets might be anticipated 
owmg to the difference of excitation m the two cases. For the K doublet 
one K electron has been removed, which must slightly change the energy of 
the L levels, as compared with the case where both K electrons are present, 
and one L electron is removed. With atoms for which the L doublet has 
been measured (Z > 39) the effect is too small to make itself evident. 
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imipr electrons of the atom will produce, on any theory of 
distribution, a screenmg effect which causes the effective nuclear 
charge for an L transition to be diminished by some constant s. 
It is not necessary here to discuss the contribution of the 
various electrons to this screening constant. Assuming its 
existence, we have a relation of the form 

Ar=A^(Z-s)^ 


which agrees with the approximate empincal relation already 
set down. 

Sommerfeld has considered the relativity correction to a 
higher order of approximation. He obtains for an orbit of 
total quantum number n, azimuthal quantum number k, the 
expression ; 

+terms m a* and higher powers, (4) 


which has already been discussed in Chapter X., and given as 
far as terms in a* in equation (20) of that chapter, a is r— 

rtC 

This refers to a hydrogen-like atom of nuclear charge Z . if 
we are considering the general atom we must allow for the 
screening effect of the electrons. We should not be justified m 
introducing the same screenmg constant in the first term, 
which expresses the energy of a slowly moving electron, as 
tacitly assumed in the Moseley formula, and m the higher 
terms, which express the relativity modification, since for the 
latter practically only the penhelion part of the orbit is con- 
cerned, while for the former the whole orbit is m question. It 
IS found, in fact, that to express the small systematic departure 
of the frequencies from Moseley’s law for higher atomic numbers, 
to which reference has already been made, quite different 
values of the constant must be taken m the term m Z® and m 
the higher terms, and that if this is done good agreement can be 
obtamed. We therefore take a formula of the type : 


W V [Z-cY u®(Z-s)*/« 3\ 

Rh~R n* (*"4) 


a*iZ-sY 

w® 


+ ••• • (5) 
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Turning to our L doublet, for which «=2, and k=z and 2 
respectively for the two L levels, we have 




-1- terms in [Z-s^* and higher powersj. ...(6) 

wliich, if we neglect all but the first term, gives equation (3).* 
From this, if the empirically found values of for a given 
element be substituted, Sj^ for that element can be calculated. 
If this be done, it is found that Sj; is remarkably constant for 
aU elements for which accurate expenmental data are avail- 
able, namely, for those from niobium (^=41) to uranium 
(Z=92), the most accurate value of Sj^, obtained by Hjalmar, 
being 3*5100. The departures from this value seldom exceed 
two per cent. This remarkable result not only offers very 
strong evidence in favour of the relativistic origin of the 
doublets and the attribution of »=2 to the L system, but also 
confirms our belief that the K and L system is the same m 
number and arrangement of electrons for all the atoms m 
question, i e for all heavier atoms 

When the ring model was accepted attempts were made, 
without much success, to calculate theoretically the value of 
the shielding constant, a. The nng model is now known to 
be so far from representing the facts that these early mvestiga- 
tions have lost their significance Apparently nothing has so 
tar been done towards detailed calculation of the screening 
constant <r with the more comphcated new model. 

The L doublets so far considered are due to the existence ot 
two L levels, the higher level concerned in the transition bemg 
the same lor both lines of the doublet, but, as we shall see, 
when the complete level scheme is discussed, there are other 
L doublets which are due to transitions from two different 
M levels to the same final L level. The obvious thmg to do 
is to assume three different M levels, correspondmg to 3^, 3, 
and 3s orbits respectively, which, with the two L levels, would 
give a triplet corresponding to the hydrogen fine structure 

* The numerical value of a® is 5*3 x lo”^, so that is small even for the 
higher values of Z. 
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triplet. (See page 236.) Investigation of the data, however, 
shows that this is not the case. Rather, there is a doublet 
corresponding to transitions from a 3s and from a 3^ M orbit 
to a 2a X orbit, for which the screening constant works out 
empincally to be 13-0, and another doublet corresponding to 
transitions from a 3^ and from a 3i orbit to a 2i orbit, for which 
the screening constant is very different, namely 8-5. This is 
remarkable as indicating, firstly, that the 3a orbit is, in some 
way, double, and secondly, that the selection rule, 
which forbids k to be the same for initial and final orbit, is 
violated for the k‘s which we have attributed to the orbits, 
although they give doublets whose Av changes with Z in good 
accord with experiment. This is a first introduction to one of 
the most puzzlmg features of the modem theory, namely the 
fact that while the relativity theory of orbits gives a 
surprismgly good representation of some expenment^ facts 
it introduces grave difficulties in other respects. Further 
examples of this general enigma will soon appear. 

Besides the relativity doublets just described, which appear 
both as emission lines and as absorption edges, there is another 
type of doublet m the X-ray spectrum, known as the screening 
doublet. These doublets were discovered by G. Hertz. They 
are not observed directly as pairs of emission lines, smce the 
transition from a given level to both the levels, whose difference 
gives the shielding doublet, is forbidden by the selection pnn- 
ciple which we shall elaborate when the complete level scheme 
IS discussed. We know that experimentally three L absorption 
edges are found, ij, L^, ijjj, and m considering the relativity 
doublet we have only mvoked two, namely X^ and Xj^, to 
which we have so far attributed 2^ orbits respectively. 

. The X screening doublet is constituted by the two absorption 
' edges Xj and X^, and its significance is first apparent when 
1 we consider how the separation varies with Z ; the recurrence 
! of the doublet m the emission spectrum of a smgle element, 
i which is a stnkmg feature of the relativity doublet, is 
demed us. 

The difference Xjj levels is approxi- 

mately constant as we pass from element to element, exhibiting, 
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however, a slight increase for higher values of Z. The general 
distinction between the two classes of doublet is weU shown in 

Fig 72, where for the three levels is plotted against Z. 

The lines for Lj and I^, the screening pair, are parallel, while 





Fig j2. 

Moseley graphs for the three L levels, illustrating the distinction 
between screening doublet and relativity doublet 

the lines for Ljj and Lm, the relativity pair, diverge in accord- 
ance with the laws discussed. Assuming for simplicity the 
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Moseley formula for v. i e. the first term only of equation (5), 


we have 


R ^ R n 


... .(7) 


If a is different for Lj and Ljj*, then clearly 


A 



orj-Cg 

i 

n 


and n being constant for all orbits of one (in this case the L) 
group, the wave-number difference of and is constant, 
and given by a difference of screening constant only between 
the levels. The reason for calling this doublet a screening 
doublet is now apparent. 

From (7) it is clear that for the screening doublet 


or the wave-number mterval for this doublet increases hnearly 
with the atomic number to the approximation in question. 
For the relativity doublet the interval mcreases, as we have 
seen, approximately with the fourtli power of the atomic 
number. An elementary calculation shows that the wave- 
length interval for the screening doublet decreases as the cube 
of the atomic number, while for the relativity doublet it is 
approximately constant. It may be noted that the scrcenmg 
doublet was at one time called, in some quarters, the irregular 
doublet, but this nomenclature no longer has any significance. 


The small systematic mcrease ot the A 



value with Z for 


the screenmg doublet can be exactly accounted for by applymg 
a relativity correction, with the same value of ^ m both cases, 
to the tenn values for Zj and Zji, the screenmg constant being 

different. Usmg the full formula (5) a reduced value for 

i.e. the value to be expected if there were no relativity effect, 
can be obtained ; such reduced values obey, accurately, a 


* We have already seen in discussing the relativity doublets that an M 
level corresponding, on the theory, to one value of k, had to be subdivided 
mto two levels with different values of "ttie screening constant. 
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Moseley type of formiila (7). 


With these reduced values A 



for the L screening doublet is constant within experimental 
error for all values of Z. This relativity correction, which is, 
a minor effect, must not be confused with the true relativityl 
doublet, for which k is given a different value for each of th^ 
levels concerned. 

The question of screening doublets in the Af series is best 
postponed until the complete level scheme has been considered. 

The Complete Levd Scheme. We have seen that there is 
strong direct experimental evidence for the existence of one 
K energy level, three different L energy levels, and five dif- 
ferent M energy levels, these havmg been identified, both by 
absorption measurements * and by the measurements of the 
spectra of the secondary electronic emission carried out by 
H. Robinson. Further, Robmson has demonstrated the 
existence of seven N levels. In the case of the higher levels, 
0 , P, which exist for the heavier elements, there is no direct 
evidence for the number of subdivisions. 

With these facts, and the doublet relations as guides, the 
wave-numbers of the K, L and M and N emission hnes have 
been very carefully studied with a view to their representation 
by a level scheme, on which all observed hnes shall be repre- 
sented as transitions. It is found that the number of K, L, 
M and N levels just specified, together with five 0 levels and 
three P levels, will give all the observed X-ray frequencies of 
even the heaviest atoms That is, m contrast to the optical 
case, only twenty-four levels in all are required for the repre- 
sentation of the most complete X-ray spectrum * the com- 
paratively small number is connected, of course, with the fact 
that for X-ray spectra only orbits actually occupied by electrons 
in the neutral atom come mto question, whereas in the optical 
case we have an unhmited number of virtual orbits. Similarly, 
for the fighter atoms, the higher levels are not invoked, the 
absence of Imes mvolvmg such higher levels confirming the 
general evidence on this point. 


* So fax the five M levels have only been observed with thonum and 
uranium by the absorption method, but Robmson detected all five as separate 
down as far as tungsten (2’ = 74). 
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Fig, 73 shows the level scheme for the radon atom,* (Z = 86 ), 
slightly adapted from that given by Bohr and Coster. Radon 
completes the last full period m the periodic table. The figure 
also gives information as to the classes of levels occurring in 
the case of xenon and of loypton, which, respectively, complete 
the two previous periods, since the levels which disappear in 
passing from radon to xenon (Z= 54 ) are marked with a heavy 
vertical stroke near the left-hand side, while the further levels 
which disappear on passing to krypton (Z= 36 ) are marked 
with two heavy vertical strokes. Thus for the elements 
immediately preceding krypton no P and 0 levels, and only 
three N levels, are needed to express the observed lines. The 
spectrum of the lightest element for which lines have been 
observed by X-ray methods, i.e. sodium (Z=:ii), consists of 
K lines only, and can be expressed without any N or higher 
levels, and with only one M level. 

The various levels are indicated by Roman numerals as 
sufl&xes, the lowest level being denoted by the lowest suffix. This 
is now generally accepted, but is in contradiction to the older 
convention. (Cf. footnote, page 6 o ) The diagram is, of 
course, purely schematic, and not quantitative : all levels arc 
represented as equally spaced, which is far from being the case 
if an energy scale be adopted A strong confirmation of the 
scheme, as far as the L levels are concerned, is furnished by 
the experiments of D L. Webster and of Hoyt on the diflcrent 
excitation potentials of the L series, to which rcicrcnce has 
already been made. For platinum and tungsten the following 
hnes were found to appear, m groups as .shown, as the appro- 
priate ionisation potential was reached. 

Platinum. Tungsten 

^ < 3^2 ai /?2 /Js ft I (i2 «! fii [i^ 

7] ft y^ 7] ft yi 

yi P-j Pd yd 

The lines forming the L relativity doublets can easily be 
picked out, since they are represented by transitions from a 

* The inert gases are chosen for representation in these level diagrams since 
although measurements are not actually made with them, they represent on 
all theones the completion of a definite stage in the building up of the atoms. 
The scheme is, of course, denved from measurements m the neighbouring 
elements. It may be remembered that radon is now the official name for 
radium emanation, formerly known as mton. 




The screening doublets are not represented by emission lines, 
since it will be seen that a level that is connected with by 
a transition is never also connected to Lj. This leads us to the 
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consideration of the selection rules which apply to the X-ray 
levels. 

It will be seen that to each level is affixed a number with 
two suffixes, such as 332. The main number is the principal 
quantum number, which is i, 2, 3, 4 . . . for the K,L,M,N . . . 
levels, as in the simple diagram with circular orbits. Of the 
two suffixes the second, which we will denote in general by 
gives the value of h which has to be allotted to the levels con- 
cerned in order to give quantitatively the separation of the 
relativity doublet on the % orbit scheme which we have 
considered Thus for in and Z-m is i and 2 respectively. 
Lines correspondmg to transitions from Mjj and ilZjjj to a 
common L level also form a relativity doublet, while tran- 
sitions from Afjy and My to a common L level form another 
relativity doublet, as mentioned on page 392. On the 
scheme k, which is now our had to be i for Mji and 2 for 
Mm ; 2 for Mjy and 3 for My, as represented in the diagram. 
The screening constant turned out to be very different m the 
two cases, wMch pointed, as we said, to a doubling of the level 
for which is 2 Such a doubling is represented, since both 
Mm and Mjy have ^2=2. It will be seen that, in general, in 
the scheme of Fig. 73, there are always for a given n, two levels 
corresponding to a given value of k^, except for the highest 
level of the group. 

We now turn to the first suffix, which we will call This 
number is always the same for both levels forming a relativity 
pair : thus for both Xjj and Z-m 2. For two levels form- 
ing a screening pair, however, is the same, but is different , 
thus, Ai is I for Zj, and Aj is 2 for Zjj, while Ag is 2 for both Z^ 
and Zm Differences of Ai express, then, two levels which are 
the same, regarded as levels, for relativity doublet purposes, 
but differ somehow in respect of the screening. For the 
moment this will be accepted as a direct mterpretation of 
experimental results, and discussion of the theoretical signi- 
ficance, or lack of significance, of this new conception will be 
postponed, since it cannot be too strongly emphasised that, 
quite apart from any theory, the allotment of the two azimuthal 
quantum numbers, Aj and A2, is demanded by the facts, A^ 
being constant for a relativity pair (by which we simply mean 
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a pair whose separation is governed by the relativity formula ; 
possibly a similar formula might be deducible without invoking 
relativity), and constant for a screening pair. 

Inspection of Fig. 73 shows that we have the rule 

Further, we have selection rules, first established by Wenzel, 
involving both and k^. To applies the selection 
principle established for k in optical spectra, viz. = ±i ; 
transitions for which decreases by i give much stronger 
lines than those for which increases by i. For Ag we have 
the rule AAg = ±i or 0 . thus transitions are allowed which 
leave Ag unchanged, but these as well as those for which Ag 
mcreases give weak hnes compared to those for which Ag 
decreases. This sdection rule for Ag is the same as that for j 
in the optical case. 

Since Aj must change by +i or -i a given level can only 
be associated in a quantum switch with two different levels of 
another group if for these two levels A^ is the same, or differs 
by 2. In this way the selection rules express the fact that 
the screening doublet never appears as emission hnes. The 
reason for the lack of exactness of the crude combination 
relations cited on page 371, as a prehmmary to the elementary 
model, is also apparent. 

The scheme of levels, with appropnate selection rules 
for Ai and Ag gives, then, an excellent representation of the 
observed regularities and descnbes all the levels needed to 
classify the X-ray spectra, while an scheme is msufficient. 
When we turn to consider the theoretical significance of the 
AiAg classification, thmgs are not so satisfactory. 

The Screening Constants. The electrons of the atom are 
classed in groups, those of one group occupymg orbits all 
distinguished by the same total quantum number. The number 
of electrons m each group is discussed at length in Chapter XIV.; 
there are, for instance, two in the K group, for which n—x: 
eight in the L group, for which «=2 : eighteen in the com- 
pleted M group, for which n =3. We may suppose these orbits 
of a given total quantum number to be distinguished among 
themselves by differenc^^f.<wi 1 fi efoafljtum number A, 
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some of the electrons of a given group occupying orbits per- 
taining to one value of k, and others corresponding to the other 
value of k, k being always equal to or less than as in om: 
general discussion of % optical orbits. If such nj^ orbits be 
accepted, it is clear that the paths of some electrons of one 
group, occupying orbits of high eccentricity, will penetrate 
within the orbits of electrons of a lower group (smaller n). 
We have to some extent the state of affairs considered when 
discussing optical orbits penetrating the core. For a giv«i 
fif. 01 bit we can consider the nuclear charge Z diminished to an 
effective value by the screening action of certain inner 
electrons. The orbit wUl depart somewhat from a Keplerian 
ellipse owing to the fact that the whole of the screening 
electrons are not concentrated within a sphere whose radius is 
appreciably less than the perihelion distance, but extend so 
that the forces at the different parts of the orbit depart from 
the inverse square law, although when Z is large, and the 
complete orbit confined to the inner parts of the atom (n small) 
the extreme departures are small compared to those considered 
in the case of the optical orbits. In the optical case of a 
neutral atom, the nuclear charge is screened down to i well 
outside the atom, but has an effective value several times this 
even a very short way inside the atom in the case of orbits 
right in the interior of the atom the screenmg at both peri- 
hehon distance and aphelion distance will be fairly small 
compared to Z itself The departure of an orbit of energy 
W, major axis (greatest linear dimension) za, from a Keplerian 
form may be expressed by takmg an effective quantum number 
itg in place of n ; Z^ and are then defined by the equations : * 


W=Rh^„ za = 


nj 


RhZ. 


By the arguments above, is not very different from n. 
As far as the dependence of the energy of the orbit on Z is 
concerned, the departure of from n can be approximately 
expressed by adjusting the screenmg constant. If this be 


* For a Keplerian orbit about an unscreened nuclear charge Z, 


y2 

W=RH-^, 


2a = 


Rh Z' 
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done, W, the work required to remove the electron to 
mfinity can be expressed in the form 

where is a screening constant peculiar to a given % orbit. 
The total quantum number » being fixed, will vary markedly 
with A, smce obviously both Z, and depend upon the 
eccentricity of the orbit. 

So far we have only considered the effect of the electrons in 
the neighbourhood of nucleus and orbit on the strength of 
binding * of the electron. Electrons completely exterior to the 
orbit under consideration must, however, as Bohr pointed out, 
be taken into account, for when an inner electron is removed 
these electrons become more strongly bound, owmg to the 
mcrease of effective nuclear charge. Another way of making 
clear the effect of outer electrons is to remember that they 
exert a repulsive effect on the special electron as it is being 
removed. This consequent diminution of W we can express 
by a second screening constant, which Bohr calls the outer 
screening constant, as distinct from s„j, the inner screening 
constant ; by considenng the number of electrons m the outer 
groups for a given Z he has shown that this outer screenmg 
constant depends upon Z and n, and has expressed it in 
the form The point of not including the m the 

^Zn is that, if this separation be made, ^Zn as so defined is 
approximately equal to the number of groups for which 
n^p, where p is the value of n for the electron to which 
W pertains. 

We then have 

W = Rh ( 8 ) 

This treatment of the screening constant is of some importance 
for our discussion of electron groups in the next chapter. 

The screening constant s„i is a function of k, as is also the 
relativity correction, which we have not yet considered. 

* The strength of binding is a convenient phrase to denote the work required 
to remove the electron completely, %.e, W as used throughout the book. 

A.S.A. 2 C 
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Putting s„j and taking the relativity correction into 

account, we have the expression already given m (5), 

Any theory based on a straightforward consideration of n 
orbits can only give two L levels, three M levels, four JV levels, 
and so on. Also, since both the relativity correction and the 
screening constant vary with k, between the two levels provided 
for the L group there will exist a difference of v whose variation 
with Z should exhibit a relativity effect added to a screening 
effect. Such a difference actually exists between and Lj^, 
as is clearly exhibited in Fig 72, and similar differences axe 
exhibited by Mj and M-^, and between Mm and My. For 
aU the levels ]ust named the nj^ classification which 

has been discussed. Bohr calls such levels normal levels, 
since they can be explained by %. orbits for which k=k^=k2. 
Levels for which k^^k^ are abnormal • there is no place for 
them on a simple % scheme, but all experiment points to their 
existence. 

The existence of these abnormal levels, which have their 
counterpart m optical spectra, is one of the problems of atomic 
structure for which no straightforward theoretical explanation 
has been found Much important work is being earned out 
in the way of generalising the difficulty, and showing that it 
finds expression in many of the finer features of optical spectra, 
and many suggestive theories have been put forward, all of 
which, however, are forced to invoke new and non-mechanical 
principles for the mteraction of the electron groups For the 
moment, we will merely point out once more the functions of 
the two quantum numbers, k^ and k^, allotted to a level that 
on the simple orbital theory would have in their place but one 
quantum number k. Between each pair of normal levels, for 
which k = ki=k^, is inserted another level, for which k^ is equal 
to the ^2 0^ "tlie higher normal level, and is equal to the ki 
of the lower normal level . thus between M^jj (32a) and My (3js) 
is inserted Mjy (332). The abnormal level forms a screening 
doublet with the normal level with which it has ki in common, 
a relativity doublet with the normal level with which it has ^a 
m common. 

Coniiection between Optical and X-Ray Spectra. The longest 
X-ray wave-lengths measured by the ordmary crystal method 
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are about 12 A. {Ka for sodium, A=ii-88 A. ; La for copper, 
^=i3‘3 A.)- The shortest optical wave-length measured by 
Lyman m a vacuum spectrograph was about 510 A. (5157 A.) ; 
and there have been various optical measurements in the 
region of 350 A. by Lang, Simeon, and others The closing 
of this gap between optical and X-ray spectra has been 
the subject of many interestmg researches. Theoretically we 
should expect to trace a transition from X-ray to optical 
spectra. We distmguish X-ray spectra as consistmg of hnes 
due to an electron passing from one orbit of a class normally 
occupied to an orbit of another class normally occupied, while 
optical spectra are due to an electron passing from a virtual 
orbit to another virtual orbit, or to an orbit normally occupied, 
but belonging to the group and sub-group least firmly bound 
in the normal atom. Thus for the optical spectrum of sodium, 
the unexcited neutral atom of which has all possible orbits of 
its K and L groups fuUy occupied (by two and eight electrons 
respectively) and one electron in an orbit of the M group, the 
hnes of the principal series are given by transitions from virtual 
orbits to the M orbit, freed during excitation . for the X-ray 
spectrum of any heavy atom, say tungsten, the M spectrum is 
given mainly by transitions from occupied N levels to an 
M level freed dunng excitation In the optical spectrum of 
an atom of the hthium-neon penod there are Imes correspond- 
mg to transitions from virtual orbits to a normally occupied 
L orbit, the L group being mcomplete for all the elements 
preceding neon • in the X-ray spectrum of heavy elements, 
hnes of the L series are given by the passage of an electron 
from an occupied M or iV or 0 orbit to an L orbit freed 
dunng excitation. 

Now suppose that we trace a given Ime down through the 
spectra of the elements, starting with heavy ones and progress- 
ing towards the lighter ones, and, for definiteness, let it be an 
L Ime. So long as there are complete occupied groups outside 
the L groups we have two influences to consider • a pnmary 
one, the diminution of nuclear charge, which leads to a progres- 


sive dimmution of 



approximately according to Moseley’s 


law ; and a secondary influence due to the outer screening 
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constant, which changes as the outer groups are removed. 
This latter influence we consider in the next chapter , it is not 
important for our present purpose. Certain hnes of the L 
spectrum will disappear : when the N group electrons have 
been removed, there will be no X-ray hnes due to transitions 
from an N orbit, and as we evict different electrons of the 
M group, so that a given M level becomes wholly untenanted, 
the lines corresponding to that level will disappear. This is 
actually observed : the lines whose survival at any given 
stage is to be anticipated can be traced by considering Fig. 73. 
When, however, we have so far progressed in the direction of 
diTninishing atomic number that there are no electrons left 
external to the L group (neon) the line which we have been 
considering must become an optical hne. So far, however. 


there is no reason to expect the curve 


connecting with Z 


to show any primary departures from Moseley’s law, since we 
have only successively diminished the number of electrons m 
outer groups. As soon, however, as we begm to remove 
electrons from the L group itself, we are clearly producing 
large changes in the energy of the final orbit, since all the L 
levels are closely interconnected. It should therefore be 
possible still to trace the L line in the optical spectra of atoms 
from Z=9 to 2'=3, but a noticeable change in the form of the 
curve is to be expected to set in when the L group is first 
attacked. 

Attention was first called to the continuous transition from 
X-ray series to visible spectra by Kossel, who plotted for 


the K, L and M lines of which measurements were then avail- 
able against Z for the light elements. Clearly, as in all spectral 
questions, it is simpler to consider the behaviour of the terms 
than of the lines. The problem is, then, to measure the 
wave-lengths of lines m and near the gap already mentioned, 
to decide upon what transitions they represent, and hence, 
using the known values of v for higher levels concerned, to 
deduce the value of v for the lower levels of the lighter elements, 
and to examine how they compare with the values for the same 
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levels in heavier elements. Throughout we have to be guided 
by the level scheme, with its selection rules, and all the facts 
as to doublets and other regularities embodied in it. We 
shall also have occasionally to invoke information which has 
been won as to the number of electron orbits belonging to each 
level, i.e. the number of electrons for which n, and have 
given values in an atom. This is a matter more fuUy discussed 
in Chapter XIV. 

The measurements of the wave-lengths of the lines in ques- 
tion — ^very long X-ray waves or very short ultra-violet waves, 
according as they are regarded — ^presents peculiar difficulties, 
not only because the rays are so easily absorbed, but also 
because the diffraction methods generally used are very difficult 
to apply. As regards the first point, Holweck has shown that 
a sheet of celluloid -00027 mm. thick absorbs 97 per cent, 
of the radiation in the neighbourhood of 310 A., the region 
in which the absorption has its maximum, while the absorp- 
tion per tmit density of celluloid is relatively low compared 
to other substances. As regards the second pomt, the 
crystal method, as used for ordmary X-ray measurements 
of wave-length, breaks down for wave-lengths greater than 
14 A. 

By the use of special gratmgs, ruled with a very hght touch, 
so as to leave a portion of the ongmal surface functioning in 
the production of spectra, with about 5000 lines per cm , 
M illik an has been able to extend optical measurements down 
to 136 A (which corresponds to about 91 volts ) As regards 
the production of the radiations he has shown that at very low 
pressure (less than 10”* mm mercury) very high fields are 
needed to produce sparks even when the electrodes are close, 
and these sparks, when produced, are necessarily very energetic. 
Millikan terms them “ hot sparks ” He and his collaborator 
Bowen have worked with an electrode separation of from 2 mm 
to -I mm., and have applied potential differences of several 
thousand volts with a condenser battery worked by a powerful 
induction coil. Since the spark can be operated at so low a 
pressure it can be built into a vacuum spectrograph, so that 
there are no windows and only a trace of residual gas between 
the source and the photographic plate : in this way the 
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difficulties wliich generally arise owing to the high absorption 
of all substances for the extreme ultra-violet are avoided.* 

To deal with wave-lengths of the order just cited, and still 
shorter, special methods have been utilised. One of the most 
favoured, used, in various modifications, by Horton and his 
collaborators, McLennan and his collaborators, Kurth, Holts- 
mark, Hughes, and others, is to bombard the given element, 
in solid form, with electrons accelerated by a given voltage 
drop, and detect the excited radiation by its photoelectric 
effect on a metallic plate. A very high vacuum is maintained 
in the apparatus, so that the energy of the primary cathode 
stream exciting the radiation is accurately measurable by the 
. voltage, and no solid diaphragm of any kind is inserted between 
anti-cathode and the detecting plate, since the rays in question 
are so soft that the diaphragm would have to be exceedmgly 
thin to let them pass at all The shielding of the plate from 
the charged corpuscles of both signs produced in the main 
discharge tube is one of the main difficulties, since the primary 
current is of the order lO"^ amps , while the current to be 
measured in the photoelectric part of the apparatus is 
amps or smaller, so that a relatively small diffusion ol charges 
would completely upset the measurements. The shielding is 
effected m all the modifications of the apparatus by suitably 
charged gauzes, or condenser plates, or both, which remove 
the charges by a strong electric field. The principle of the 
measurement is to measure the photoelectnc current, which, 
divided by the primary electric current, gives a measure of 
the efficacy of the radiation in releasing electrons. The 
primary voltage is gradually increased, and it is found that at 
certain voltages kinks or changes of curvature appear in the 
curve showmg the connection between photoelectric current 

* In view of the reports that helium has been produced by exploding 
metal wires by means of the sudden, apphcation of very high potentials, it 
may be noted here that Milhkan and Bowen did not find a trace of any helium 
line of the ultra-violet series with any of their metal electrodes. The energy 
to which the tips of the electrodes are subjected during the passage of the hot 
spark is very much more concentrated than that prevailing in the exploded 
wires, so that there seems little doubt that the helium lines detected with the 
wires must be due to traces of hchum picsent in the metal. This supposition 
is confirmed by the fact that Milhkan and Bowen did once obtain helium Imes 
with fresh electrodes, which disappeared after repeated discharges. 



X-RAY SPECTRA AND ELECTRON GROUPS 407 

and voltage. These kinks are attnbuted to the sudden appear- 
ance of a new type of radiation, and the corresponding voltages 
are called critical potentials, in the sense in which the phrase 
has already been employed with regard to optical spectra. 

The same method has been applied to gases by Foote and 
Mohler, who bombard the gas (which may be called a gaseous 
anti-cathode) with electrons from a hot wire, and measure the 
photoelectnc current released from a grid by the radiations 
- excited in the gas atoms The gas pressure is, of course, very 
low in the vessel, and the hot wire is dose to the accelerating 
grid, so that the electrons can acquire the fuU energy corre- 
sponding to the accderatmg potential, while a strong field is 
used to prevent charges diffusing to the photodectnc suiface. 
Richardson and Bazzom have utilised a similar disposition. 

Holweck has employed a different method, avoiding the 
difficulty of the diffusion of ions from one part of the apparatus 
to the other by using a diaphragm to divide the vessel m which 
the soft rays are produced from that in which their effect is 
measured. The source of radiation is a metal anode (molyb- 
denum is used in the latest expenments) bombarded by 
electrons from a short glowmg wire in the highest possible 
vacuum, the accelerating field being carefully measured. The 
rays so produced constitute a continuous spectrum, whose 
highest frequency corresponds to the accelerating potential : 
m order to make the results as definite as possible the radiation 
IS filtered through very thin films of celluloid or other sub- 
stance, so as to isolate the high frequency end of the spectrum. 
The radiation is detected by a gold-leaf electroscope, containing 
a gas at low pressure, the electroscope gas being separated 
from the highly exhausted space of the radiation vessel by the 
very thin celluloid window, prepared by a special techmque. 
If the element is in gaseous form it is introduced mto the 
electroscope and the ionisation current is measured a dis- 
continuity is observed when the critical potential of the gas is 
reached, on account of the mcreased absorption. If the 
element is m the solid form, e g. aluminium, a thm foil is intro- 
duced between anode and electroscope, and the electroscope is 
filled with air at a pressure'suffiaent to absorb all the radiation. 
The absorption of the foil for the rays produced by different 
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potentials is measured : a discontinuity then corresponds to a 
critical potential of the metal. 

A large number of measurements of critical potentials for 
elements of low atomic number have been carried out by 
highly skilled experimenters, using the photoelectric method in 
its various modifications, but the agreement between results 
obtained in different laboratories is not very satisfactory. A 
supnsingly large number of critical potentials are found in 
some cases : thus 0. W. Richardson and Challdn give fifteen 
critical potentials for iron, Rollefson gives eight, and C. H. 
Thomas gives twenty-three,* while Horton and his collaborators 
give six and Kurth five. There is fair, but not more than fair, 
agreement between two or more observers m the case of 
thirteen values, but the large number of values found, which 
are more or less evenly distributed over the range, renders this 
agreement less significant than it would be were there fewer 
determinations. For all the elements from chromium to zinc, 
inclusive, a large number of cntical potentials have been 
detected ; for mstance Thomas has found forty-seven for nickel, 
forty-eight for cobalt. Vanous reasons have been put forward 
to accomit for this profusion of potentials, such as that, while 
some of them correspond to the removal of an electron from 
given levels (such as Afj, say) to the periphery of the atom, 
others correspond to the removal of the electron from these 
levels to vanous virtual orbits, or, in other words, the hypothesis 
is that the various cntical potentials should be capable of 
arrangement in groups corresponding to the fine structure of 
the vanous absorption edges. It is difficult to maintain this 
in view of the more or less uniform spacing of the potentials . 
if the h37pothesis were correct it appears to the writer that the 
crystalhne state of the metals, which must influence the virtual 
orbits, would have a marked mfluence on the determmations f 
Another suggestion is that atoms which have already lost one 
or more electrons are concerned in some of the quantum jumps 
which lead to experimentally detected critical values. In any 
case it seems, at the present time, unjustified to pick out (as 

* Exceeding 40 volts, and others below this value. 

f This would, of course, account for the different values obtained by dif- 
feient observers. It might be worth while to investigate point. 
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the writer at first was tempted to do) certain critical potentials 
which suit our purpose, and to call them ionisation potentials. 
In the consideration of the energy levels of the group titanium 
to zinc which follows, the critical potentials obtained by the 
photoelectric method are not taken into account. 

The energy levels of the elements just specified can, however, 
be obtained without ambiguity, if not with great accuracy, in 
another way. We wish in particular to find values for ATj, 
Afniij, Mjyyi* although M lines have not been measured 
lor the light elements in question this can be done, by con- 
sidering combmations of known X-ray hnes and absorption 
edges, using the results exhibited m Fig. 73. Thus it is clear 
from Fig. 73 that 


and similar relations, involvmg only L or K series measure- 
ments, can be found for the other M levels. Values obtained 
by Stoner for the M levels, usmg among other results the 
measurements recently made by Thoraeus for the L series of 
hght elements {Z =37 to ^=24) are included m Fig. 74. 

Fig. 74 shows the transition of X-ray levels into optical 
levels In this diagram are embodied energy values deduced 
from optical and X-ray measurements for the hghter atoms, 
mcludmg critical potential results where the interpretation is 


straightforward. The curves represent 




for the terms 


corresponding to complete removal from the atom of an electron 
belonging to the level in question, plotted agamst Z In the 
case of the X-ray terms many of the points represent direct 
measurements on absorption edges, and in the other cases the 
level scheme is so clear that there can be very little doubt that 
the numbers plotted are energy levels. Similarly in the case 
of the optical measurements the different resonance potentials 
have been m general fuUy worked out, and it is practically 
certain that the values selected are ionisation potentials, 
corresponding to the complete removal of an outer electron (a 
K electron for Z=i, 2 ; an I. electron for Z=3 to Z=io ; an 


* Within the region considered Mu is expenmentally indistmguisbable from 
Mill, and Mjy from My, and the common MnMm level is written M^ m for short. 
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Fig. 74 

Transition of X-ray into optical spectral terms 
O X-ray absorption edges, a. Kurth. -J- X-Ray levels, 
t* Foot and Mobler. J- Ionisation potenticLls and spectral 
terms. X Holweek. Q Robinson's corpuscular spectra. 
A Horton T McLennan and collaborators Q| Average 
of several close deterimnations. 
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M electron for Z=ii to Z=i8). In the case of the elements 
between Z=2i and ^=30, on account of the difl&cxdties of 
selection and interpretation already mentioned, the photo- 
electric measurements in the neighbourhood of the M levels 
have been omitted in favour of the values deduced by Stoner. 

It will be seen that the X-ray values of the terms run directly 
into the optical values, but that at the point where the optical 
values begm, i.e. where the dectron group to which the level 
question belongs first becomes incomplete, there is a departure 
from the approximately straight hne form. With the K level 
this point is si Z =2, and the change of form is comparatively 
slight ; with the L levels this point is at Z = 10, and the Xj hne 
shows a very pronounced change here. For Ljj m there are 
not sufficient points on the optical branch to estabhsh the 
break with certainty, but the course of the curve is regular 
down to Z= 10. For and Jkfu there is a departure from 
the approximately straight hne form which sets in, not very 
sharply, in the neighbourhood of Z=28 • for the course 
of the curve changes more abruptly, indicatmg a departure 
precisely at Z=28 from the regularity which exists with aU 
heavier atoms. Now, as we shall see m Chapter XIV., the 
My grouplet of electrons is completed at Z=28, and the 
imperfection which begins at Z=2y would be expected to 
affect the My energy level more than the other energy levels. 
In general we may say that the transition from the X-ray to 
optical spectra, exemplified by the levels considered, furnishes 
good confirmation of the general features of spectral theory. 

For comparison Fig 75, which is taken from the first edition 

of this book, and represents 
is retained. 

The correspondence between optical and X-ray spectra has 
been further emphasised by Lande, who has shown that 
similar theoretical difficulties arise in both cases. On Bohr’s 
theory of % orbits both lines of an optical doublet are given 
by orbits wnth the same value of k. Suppose, however, that 
we neglect this for the moment, and consider how a relativity 
doublet might arise in the optical case between orbits of dif- 
ferent k, but the same n. Consider two orbits of azimuthal 


V 


R 


for the Ka and the La line. 
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quantum number k and h — x, which lie for the greater part 
outside the core, but penetrate for a comparatively short time 
within the curve. We have already discussed such orbits in 
Chapter XI, where we have spoken of the orbit as consist- 



ing of an iimar and an outer loop. The inner loop alone is 
exposed to a large effective nuclear charge, so that the 
velocity of the electron in the loop is higher than the peri- 
helion velocity corresponding to the outer Keplerian loop, 
and practically the whole rdativity effect is due to the 
inner loop. 
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For simplicity we can regard the iimer loop as being governed 
by an inner effective nuclear charge Z^, and the outer loop by 
an outer effective nuclear charge Z^, which is i for a neutral 
atom. There is, strictly speaking, some transi tio n value of Z, 
but, if we regard the inner loop as comparatively short, Z^ will 
govern to a first approximation the time of describing the 
orbit, while Z^ will govern the relativity effect, the high peri- 
helion veloaty playing its part in both cases. 


If and tg are the periodic times for Keplerian orbits of 
quantum numbers and n^, semi-major axes and a^, de- 
scribed in a Coulombian field produced by the same central 


charge, then 



since oc a. Considering the orbit to be descnbed entirely 
m a Coulombian field produced by a central charge Z^, and the 
other orbit in a field produced by central charge Zg, we have 


I n,^Z,^ 

The actual orbit, of course, comprises an outer loop consisting 
of the nearly complete Keplerian ellipse corresponding to Zg 
and an inner loop consisting of the major part of the ellipse 
corresponding to Z^ If we regard the relativity effect as due 
to a perturbing inverse cube field of force, then the effect of 
the perturbation on the energy is the time mean of the disturb- 
ing potential (cf. Chapter X). Hence it is clear that, for 
the case of the actual orbit, we can calculate the relativity 
effect for the Z^ orbit, in which alone it is considerable, and 
then multiply it by tjtg to get the time average which we 
require, tg being approximately the time of description of the 
whole actual orbit. 

To a first order the relativity interval between two orbits 
of azimuthal quantum number k and k-x, and total quantum 
number n in a Coulombian field due to central charge X, is 
given by ^ 4 

Av — — 

* n,^k{k-i) 

as follows at once from equation ( 20 ), Chapter X. 
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Hence, for the penetrating orbits considered. 


Av =— Av. 
in 


-n,^Z,H^^k{k-i) 


Rd?Z,^Z^ 

%^k{k-i.y 


(9) 


is, by the way in which it has been chosen, the ofCectivo 
quantum number of the optical orbit, so that 


Hence (9) can be written 


V 


RZo\ 

' 


or 


Av= 


va?Z^ 


njiik-i) 



_jAv .ngk{k-x)' 

1 J ■ 



..(10) 

(lOfl) 


If, then, the optical doublets can be represented on the basis 
of the relativity correction, azimuthal quantum numbers k, k', 
differing by 1. being attributed respectively to two orbits 
belonging to the same sequence (which is m direct contra- 
diction to Bohr's classification previously discussed), we can 
either put m values of Z^ and Zg, k, k', and n^, and calculate 
Av, and then compare w.ith observation, or we can use the 
observed value of Av to calculate one of the above quantities. 
Zg IS loiown, bemg i for the neutral atom, 2 for the singly 
ionised atom, and so on For the L doublets in the X-ray 
spectrum k=x, ^'=2, and it seems natural to try these values 
for the optical doublets, vig is determined by the (mean) 
value of V for the doublet in question. Perhaps the easiest 
method of exhibiting the regularity which is then obtained is 
to plot the effective quantum number for the inner loop, 
against Z, usmg formula (loa). The result is shown in Fig. 76 , 
the crosses refer to ionised atoms {Zg=^z), and the dots to 
neutral atoms {Zg=x). Each pomt is the average of the values 
of Z^ calculated from different values of Av belonging to the 
same series, but different values of v. It will be seen that there 
is a linear relation, showing that 
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The screening constant is about 4 for most of the elements, 
but there are indications that it is less, viz. about 2, for the 
lightest elements. It will be. remembered that the screening 
constant for the L relativity doublet is 3*5, so that the optical 
results agree well with the assumption that the iimer loops of 



Fig. 76. 

The inner effective nuclear charge Z, for optical doublets, treated 
as relativity doublets. 

the two orbits practically coincide with the orbits of L-^ and X-ju 
electrons. It is only to be expected that there will be some- 
what greater divergencies from the formula deduced in the 
case of the optical doublets than in the case of the X-ray 
doublets, since the assumptions made in treating a penetrating 
orbit axe clearly rough approximations. For the very lightest 
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elements the shielding constant may well be somewhat smaller 
than for the heavier elements, since the L shell is incomplete 
for them. 

The agreement between experiment and the relativity theory 
of doublet origin is striking when the number of facts expressed 
in formula (9) is considered. Tlie proportionality of Av to 
and to is confirmed respectively by the agreement 
between values deduced from the doublets of arc and spark 
spectra, and by the general linearity of the relation expressed 
in Fig. 76, which covers a range from 2'= 3, Av—-^ 6 , to Z— 88 , 
Av =4658-6 The proportionality of Av to 2^® has long been 
known, being expressed by the empirical rule of Kayser and 
Runge, which states that in elements of the same column in 
the periodic table the wave-number separations are roughly 
proportional to the squares of the atomic weights (atomic 
numbers). For such homologous elements (Na, K, Rb, Cs) 
does not vary much from one to the other for a given term, 
and the other factors entenng into the expression for Av are 
constant. For the heavier elements Z^ differs from 2' by a 
relatively small constant only, so that for these equation (9) 
embodies Kayser and Runge’s rule. When 2 is small the 
screening constant becomes of pnme importance, which 
accounts for the fact that the observed value of Av for lithium 
is less than that given by the rule But, above all, the absolute 
value of the doublet interval is expressed by (9). 

The relativity mterval also applies to triplets, if for Aj- be 
taken the wave-number interval between the extreme terms 
®Po and 

Tills method of accounting for the optical doublet allows us 
to draw a very close analogy between the terms used to de- 
scribe a doublet system and to describe the X-ray spectrum. 
In both cases we have to use three quantum numbers, which 
we have called n,k,j\xi the optical case, «, k^, in the X-ray 
case. The selection rules are the same in both cases, 

AA=AAi=±i, Aj=Ak^=:o or ±1. 

The analogy between optical and X-ray terms can be further 
expressed by the foUowmg scheme. The n of the optical terms 
is that of the Bohr notation, the principal quantum number of 
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the first term of the principal sequence being 2 for lithium, 
3 for sodium, 4 for potassium, and so on. This Tnalffts the 
correspondence very close. 


X ray term - 

K 

JLi Lii 


Optical doublet term 

111 

I*s, 

^11 *tl 

2*Si2»J>x 2»P, 

3u 3n 3n 3n 3ss 
3*S,3 *J>i 3*^’. 3*i3. 3*J3. 


The applicability of the conception of both screening doublets 
and relativity doublets to optical spectra has been strikingly 
illustrated by the work of Millikan, and of Millikan and Bowen, 
on the very short ultra-violet. Millikan and Bowen have 
investigated the hot spark spectra of some twenty hghter 
elements, the heaviest being copper, and obtained a large 
number of new lines. These lines they attribute to atoms m 
various stages of ionisation Neutral atoms of elements of the 
period hthium to fluonne, inclusive, consist of a completed K 
group of two electrons, which we may call the hehum structure, 
together with one electron of the L group m the case of 
hthium, two electrons of the L group in the case of berylhum, 
and so on. Similarly neutral atoms of the penod sodium to 
chlorine consist of a completed K and a completed L group, 
constituting the neon structure, together with i, 2, 3 . . 
M electrons as we pass up the period m the direction of increas- 
ing Z. The inert gas structure possesses a peculiar stability, 
and is hard to break up, but the existence of Aim and of Sijy, 
demonstrated by Paschen and by Fowler respectively, shows 
that all the outer electrons may be removed by a spark 
discharge, leavmg in both cases a structure of neon form with 
a single loosely attached optical electron. Such atoms reduced 
to the inert gas form by the removal of all outer electrons 
are called by Millikan “ stopped ” atoms, and evidence of 
stripped atoms, to produce which as many as seven electrons 
have been removed (Clyu), has been deduced by him from the 
new lines. 

To illustrate the work of MiUikan and Bowen we may con- 
sider the elements of the first period of eight. With boron to 
nitrogen inclusive, they have obtained new doublets, while 
doublets due to Lij and Ben were already known. The new 

ASA 2D 
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doublets axe attributed to Bm, Cjy and Ny respectively * and 
their wave-number separation for the doublet in each system 
is given in the following table : 


Li, 

BCii 

Bui 

Cjv 

Nv 

Av - - - "338 cm.~* 

6 - 6 i 

34-4 

1074 

259-1 

(Av/- 365 )^ - - ’981 

2*063 

3*ii6 

4-142 

5-162 

SjC - - - 2-02 

I 94 

1-88 

1-86 

1-84 

The value of Sj, given in the last 

row IS found by appl 3 fing the 


rdativity formula (6), in its approximate form, 


>4 


Sinrft the orbits do not penetrate within the K group, this 
formula is appropriate It wiH be seen that, considermg the 
large range of Ar, agreement is quite good • is to a fixst 
approximation constant, with value 2, which indicates that in 
all the cases considered the atomic core does, in fact, consist of 
the nucleus with two closely associated electrons, the K gioup. 
The small progressive decrease of s is easily explicable, since 
the optical electron is, relatively to the K ring, more remote for 
a small nuclear charge than for a large one f The screenmg is 
therefore more complete for the earlier elements than the later 
ones. The fact that the screening constant is shghtly greater 
than 2 for lithium has no significance, since for this element the 
doublet separation is not measured with sufficient accuracy to 
render the last figure reliable. 

Milhkan and Bowen have applied the same formula to 
doublets obtained with the elements sodium to sulphur, attn- 
butable to stnpped atoms of sodium-hke structure, « e all 
consisting of a completed K and L group, and one external 
electron. In this case, however, the orbits concerned are 
probably penetrating orbits, which pass within the L group, 

* Doublets occur with neutral atoms of Columns I, III, V . . . only. The 
displacement rule of Kossel and Sommerfeld states, in effect, that the nature 
of the system is governed by the number of electrons m the incomplete groups, 
so that stnpped atoms e. one^valence-electron atoms) should all give doublets. 
(Seep 435.) 

+ Approxunately the radius of the circular K orbits decreases as — , while 

X ^ 

the penhehon distance of the optical orbits decreases as . 
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and in the present writer’s opinion Land^’s formula should be 
applied instead. If this be done the following screening 
constants are obtained ‘ 

Nfti MSn Alin Sliv Py Syi 

3’49 *'44 I 98 I 96 1-93 1-78 

which agree well with the general run obtained with the hthium 
period. In the case of Naj and Mgjj the electrons of the L 
group play little part m the shielding, the effective part of the 
orbit being close to the K group, while m the case of S^i the 
effective part is, apparently, so near to the K group that the 
two electrons do not exercise their full screeiung effect. 

By extending the method it has been possible to attribute 
vanous lines to atoms not completely stripped, but having two 
valence electrons (Pjy, Sy and Clyj) and three valence electrons 
(Piji, Sjy, Cly). By the Kossel-Sommerfeld displacement rule 
the former all give a tnplet system, the latter a doublet system 
In the case of the tnplet system the extreme hues are taken as 
constituting the relativity doublet, as mdicated by Lande, 
and it has, in fact, been shown that this leads to regular results 
Another very mteresting feature of Milhkan’s work is the 
estabhshment of screening doublets, which, from the table on 
p. 417, we should expect between a 2^5 and a 2*Pi term, 
correspondmg to Lj and iji in the case of the lithium group, 
and between 3®S and 3®Pi and between 3®P2 and the 

case of the sodium group Such screening doublets have 
actually been traced for stnpped atoms All the doublet laws 
discovered with X-ray spectra can, then, be traced in optical 
spectra. 

The detection of the higher stages of ionisation has allowed 
us to compare atoms of different nuclear charge, but similar 
electromc structure (same number of electrons, and same 
grouping). This makes it easier to trace regularities than in 
the case where different nuclear charge is accompanied by 
modifications of electronic structure, as when a sequence of 
neutral atoms is compared. 

The realisation that both doublets exhibiting the relativity 
interval, and others exhibitmg the screening interval, can be 
detected in optical as well as X-ray spectra, and the close 
analogy between X-ray and optical levels as specified by 
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quantum numbers, constitutes an important advance. It does 
not solve the fundamental difficulty of explaining how both 
Tfin/lg of doublets can exist separately, but it shows that the 
difficulty is fundamental, and not of the limited significance 
which imght at first appear. 

On the Bohr theory of orbits we should have levels 
exhibiting an interval which is the siun of a screening and a 
relativity effect : such are the Xj, Xjjj levels, the Af j, M-^, Afy 
levels, and, in general, all levels for which, in the notation 
used, ^1=^2. These are what Bohr has called the normal 
levels, and they could be expressed by »j. orbits in which 
A=Ai=Aj. In the optical case we should then have nothing 
but sequences of singlet terms, as follows not only from the 
considerations developed in Chapter XI. but also from the 
table on p. 417, which shows that the optical levels correspond- 
ing to normal X-ray levels comprise only one term each of the 
doublet P, D ... terms. The introduction of a second sub- 
ordinate quantum number is needed to describe the existence 
of abnormal X-ray levels, and of doublet (m general multiplet) 
optical terms. The quantisation of the inclination of the plane 
of the electron orbit with respect to the axis of moment of 
momentum of the core, which may be referred to as the 
inchnation hypothesis, has been suggested as a means of 
introducing this quantum number it is discussed m Chapter 
XI., and fmther in Chapter XV. The trouble is that if the 
mdmation h5q)othesis is used to account for the Xn-^ni doublet 
and the optical doublet, the same azimuthal quantum number 
being attributed to both levels concerned, there seems no 
reason why the relativity formula should be applicable, as it is 
On the other hand, this attribution of azimuthal quantum 
numbers is satisfactory as far as the selection rules are con- 
cerned : it makes the azimuthal quantum number in the 
X-ray case, for which the rule AAi= ±i holds, and gives the 
same value of k to both terms of a doublet, as required by the 
optical sequence laws. If, on the other hand, we attribute 
the interval between and Lj^, and other relativity pairs, 
and also the optical doublet interval, to a relativity effect, 
we must attribute different values of azimuthal quantum 
number to the two levels, whidi would make the azimuthal 
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quantum number in the X-ray case. This violates the appro- 
priate selection rule, since empirically AAg=o or ±i : m 
the optical case this attribution involves the abandonment 
of the scheme by which k=i, z, 3, 4 . . . respectively for the 
S, P, D, F . . . sequences. 

It has been suggested that a way out is to abandon the 
relativity explanation of the " relativity ” doublet, and to 
substitute for it no explanation. This, of course, is true, just 
as another way is to abandon the selection rules, and the 
attnbution of a single k to each sequence of optical terms. 
Either expedient involves the renunciation of principles which 
have ordered successfully a large body of mformation, and the 
substitution of nothing in their place. The subject is further 
discussed m Chapter XV., but so far no generally satisfactory 
way out has been found. 

As a final pomt of resemblance between X-ray and optical 
spectra, it may be mentioned that “ spark ” hnes, so-caUed by 
analogy from the optical spectra, have been found in the 
X-ray spectrum, that is, lines which are excited by the removal 
of more than one electron from the atom. Wenzel showed 
that certain weak hnes which accompany Kai on the side of 
greater frequency — i.e. the pairs of hnes a^, a*, and 05, a®, to 
which reference was made in describing the K series — can be 
explained by supposing that both electrons are expelled from 
the K group dunng excitation These electrons are then 
replaced from the L group one by one the first transition, 
which leaves the L group one electron short, gives 04, and the 
second, which leaves the L group two electrons short,* gives 
oj. It appears that, m addition to both K electrons, one L 
electron may be removed ; the subsequent transitions give 
nse to Of and a® These a®, a^, a®, a« lines have been measured, 
by Hjalmar, for three elements only (magnesium, aluminium, 
silicon) : the experimental results available fall m with 
Wenzel’s theory. Certain weak Imes accompanying and 
a few hnes found m the Z senes, are also capable of explanation 
on the basis of multiple excitation. 

* In this transition a single electron passing from the L group completes 
the K group, as it does m the ai switch, but in the latter the L group is left 
only one electron short, which accounts for the difference between and ui- 
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CHAPTER XIV 

THE PERIODIC SYSTEM AND THE THEORY OF QUANTUM 

ORBITS 

Introductory. One great object of any scheme of atomic 
structure must be to offer some account of the regularities 
expressed in the periodic table, that is, of the recurring features 
which physical and chemical properties exhibit as we pass the 
atoms in review before us in the order of their atomic numbers. 
Among the regularities discussed in pre-quantum days which 
retain their great significance we may mention the valency 
properties and general facts of chemical combination ; the 
Lothar-Meyer curve of atomic volumes , and such general 
physical properties as the boiling-point Further, we have to 
consider paramagnetism, the formation of coloured salts, and 
other properties pecuhar to restricted regions of the periodic 
scheme Particular attention, however, must be paid to the 
quantitative relationships afforded by optical and X-ray 
spectra, which have proved so significant for Bohr's theory 
There will be occasion to make frequent reference to the 
periodic table, a modem form of which is given on the next 
page To each element is attached its atomic number and 
atomic weight.’*' Each period is ended by one of the inert 
gases, and there is abundant evidence to show that these 
gases have an electronic stmcture of peculiar stability, repre- 
sented by the completion of certain electronic sub-groups, so 

Certain elements still rejoice in two names, which are both in common use 
These are beryllium =glucinum, columbium = niobium, lutecium = cassio- 
peium, niton = radon. In the last- mentioned case the name radon has now 
been made official, but in the other cases choice is free. The writer has no 
particular preferences, and it is likely that he has m diflerent places used 
different names for the same element. There seemed no reason to be at pains 
to avoid this, since the student will meet with both names in the literature. 
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that in. the succeeding elements, the alkali metals, the outer- 
most electron belonging to the neutral atom is the first of a 
new group. The lack of all chemical activity which gives the 
inert gases their name ; the complexity of their spectra, 
especially strikmg m comparison to the simphcity of the 
spectra of their immediate successors, the alkali metals ; then 
high ionisation potentials, and other properties to be discussed 
in due course, all go to mdicate that with these elements an 
outer electronic sub-group is concluded. 

The number of the penod is indicated in the extreme left- 
hand column. The first period consists of the two elements 
hydrogen and hehum • the second period consists of the next 
eight elements, ending with neon : the third period likewise 
consists of eight elements, endmg with argon. After this 
come two periods of eighteen elements, ending respectively 
with kiypton and xenon. With these periods there are in each 
case three transition elements closely resembhng one another 
in chemical behaviour, placed together in Column VIII, which 
is subdivided into Columns Villa, Vlllb, VIIIc.* Further, 
for each penod there are two elements m each column The 
two elements of the one period in the same column resemble 
one another m valency and in certain general cheimcal pro- 
perties : they also exhibit analogies with the elements of the 
two short penods in the same column, which are more marked 
for the one element than the other. Elements showing close 
resemblance are placed vertically beneath one another in the 
columns, in which some elements will be seen to be displaced 
to the left, others to the nght Thus all the alkali metals are 
very hke one another, and are placed on the left-hand side of 
Column I • the alkahne earths are also very similar among 
themselves, and are placed on the left-hand side of Column II. 
The strong analogues, zinc, cadmium and mercury, all occur 
m Column II : they are displaced to the nght-hand side of the 
column, smce they do not resemble the alkaline earths so 

* Although the chemists place all three elements in an undivided Column 

VIII, on account of their similarity of chemical properties, spectroscopic 
evidence gives three disbnct columns here (see table on page 435)- In course 
of time we shall probably find Column VIII and O replaced by Columns VIII, 

IX, X and XI, but for the present, to avoid shocking the susceptibihties 
of the chemists, we will content ourselves with the above notation. 
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closely as they do one another. In Column IV titanium, 
zirconium, and the newly-discovered element hafnium are to 
one side, germanium, tin and lead to the other, but the Column 
IV elements of the short periods, carbon and silicon, are placed 
in the middle, to indicate that they resemble one another more 
closely than they do the quadrivalent element of either the 
titanium or germanium character. In one and the same 
period the two elements in one column always occupy opposite 
sides. 

The sixth period comprises thirty-two elements, and 
resembles the periods of eighteen, except that in place of the 
two trivalent elements it has a whole group of tri valent 
elements, the rare earths, which are placed together in Column 
III. The seventh period is incomplete. 

Corresponding elements of the two short penods resemble 
one another markedly. In the two long penods of eighteen, 
elements at the beginning and end of the period correspond 
particularly closely as regards chemical properties to elements 
of the shorter penods The eight elements from copper to 
krypton behave similarly to corresponding elements of the 
short period, the analogies becoming more and more marked 
as we approach the inert gases at the end of the penod * 

Turning to the beginning of the third p>eriod, potassium and 
calcium are very dose homologues of sodium and magnesium 
respectively : after calaum the correspondence, though it can 
stiU be definitely traced, becomes less and less marked until 
we come to the three transition elements which have no fellows 
in the short penod Similar considerations apply to the other 
long periods Bohr exhibits these facts by means of the 
scheme shown m Fig. 77, where straight lines connect elements 
of markedly similar chemical properties, and “ interpolated 
elements,” if they may be so called, are endosed m oblong 
frames. This method of classification is adopted to emphasise 
the features which correspond to changes of distnbution of the 
electrons in orbits of different principal and azimuthal quantum 
numbers, which we are about to consider as taking place when 
successive dements are built up ; in particular the segregation 

* Copper does not resemble the alkali metals very closely. This point 
is discussed later. 
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of scandium and its followers is mainly supported by evidence 
from spectroscopic results Speaking generally, the elements 
on either side of the inert gases show very analogous properties 
as we go from inert gas to inert gas, but the longer periods 
depart from the simple patterns of the shorter periods when a 
certain stage of the building up by added electrons is reached. 



Fig 77 

Bohr*s survey of the periodic system. 


It IS one of the chief tasks of Bohr’s model to account for 
this, not by assumptions which are merely a restatement of 
the observed periodicities, but by the application of the general 
principles invoked for explaming spectral and alhed phenomena. 

We turn to another aspect of the normal valencies of the 
elements. An element is said to have a positive valency when 
it combines with an electro-negative element, such as chlorine 
or oxygen, and a negative valency when it combines with an 
electro-positive element, such as hydrogen or a metal. Many 
elements exhibit both positive and negative valencies, and also 
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valencies of different values. On all electro-chemical theories 
of valency, salts, such as metallic chlorides, are formed by the 
T pft tal giving up one or more electrons, and becoming positively 
charged, while the atom combining with it takes up an equal 
number of electrons and becomes negatively charged: the 
ions so formed then combine. The number of electrons given 
up or taken up is the measure of the value of the valency : 
thus there is one such electron for monovalence, two for 
divalence, and so on. This number can therefore be deduced 
from a study of the compounds formed, or, more directly, 
from the electro-chemical behaviour, which gives a measure of 
the charge on the vanous ions. A consideration of the 
m a ximu m positive and negative valencies exhibited by an 
element leads to the conclusion that there is a tendency for an 
atom to gain or lose electrons until the external group has a 
certain number of electrons, the same for several near elements, 
which represents a very stable state. To elucidate this pomt, 
reference may be made to Fig. 78, which is due to Kossel. 
The number of electrons m the atom is plotted agamst the 
atomic number , for neutral elements this gives, of course, a 
straight hne inclmed at 45® to the axes We consider, how- 
ever, the maximum and mmimum number of electrons which 
is ever associated with a given atom. Thus, chlonne, which 
electrolyticaUy forms an ion with a single negative charge, or, 
otherwise expressed, takes up one electron, combines with 
elements of the second penod (sodium to argon) to give the 
compounds NaCl, MgClj, AICI3, S1CI4, PCls, SCI*,* while oxygen 
forms with the same elements NagO, MgO, AI2O3, S1O3, P2O6, 
SOj. Hence sodium can give up one electron, magnesium two, 
and so on, sulphur giving up six Also chlorine can form the 
compound CI2O7, showing that it can give up seven electrons. 
Chlonne, then, can either take up one, but not more, electron, 
or give up seven electrons : the sum of its positive and negative 
valenaes is eight, as demanded by Abegg’s rule. Similarly 
sulphur can form either SHg or SOs, and so can either take up 
two electrons or give up six electrons. 

In the diagram the maximum and mmimum number of 
electrons which can be held by each atom are indicated for all 
* SCI« has not actually been made, but the analogous compound SF( has. 
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atoms up to Z=^y. It is at once dear that the atoms of 
elements on either side oi each inert gas tend, in combination, 
to hold as many electrons as that gas: thus the elements 
which neighbour on argon, from silicon (2'= 14 ) to 3 nanganese 



Fig. 78 

Diagram of maximuni valencies, illustrating the stability of the 
inert gas form 


(Z= 25 ), tend to hold, in compounds, eighteen electrons. 
There is, then, something particularly stable about the electron 
configuration of the inert gases, which enables it to co-exist 
with various different nuclear charges. The inert gases form 
a turning-point, elements immediately before them having 
predominant negative valencies, and those immediately after 
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tliftTn having predominant positive valencies. The fact that 
varying nuclear charge is stable with a fixed number of electrons 
for the series of elements forming what may be called one 
inert gas system {i.e. the series of elements which tends to 
have the same number of electrons as one particular inert gas) 
must be considered responsible for the various powers of 
combination of the atom. Within the inert outward form, 
the sheep's clothiug of, say, argon, may be concealed the 
active and wolf-like sulphur. 

Another illustration of the periodic properties, to which we 
shall have occasion to refer, is given by the atomic volumes. 
The variations of atomic volume with atomic number is illus- 
trated in Fig. 79, the upper part of which is adapted from 
Ladenburg. Certain other facts are there made available for 
rapid reference, namely, whidi elements are paramagnetic, 
and which form coloured salts ; further, the interpolated 
elements enclosed m frames in Fig. 77 are shown by double- 
headed arrows. The lower half of the diagram shows the 
atomic dimensions as deduced by W. L, Bragg from con- 
siderations of crystal structure. The precise physical signi- 
ficance of these atomic dimensions is a matter for detailed 
discussion, smce the figures were obtained by considermg that 
each atom occupies a spherical domain, the size of which is 
the same for the same atom in all simple salts, and assummg 
that the atomic spheres are m contact in the crystalhne salt. 
The meaning of the atomic volume m the upper curve is still 
vaguer : it is defined as the specific volume (volume occupied 
by 1 gram) multiplied by atomic weight The general periodic 
nature of the curves, and the flat imnima between the maxima 
must, however, be sigmficant. 

In concluding this section it may be noted that the periodic 
system, as represented in any form of the tables, is by no 
means perfect. The actual variation of chemical properties 
from element to element is not so regular as to render any 
simple representation possible except as a rough approximation. 
Thus copper, silver and gold are placed in Column I, although 
of these silver is the only one which is strictly monovalent, 
and even this element does not resemble the alkali metals very 
closely. It must be our final aim to account for such departures 
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from the simple scheme, and already, as will subsequently 
appear, the scheme of atomic structure now prevailing has 
proved successful in e^^laining certain of the irregularities. 



Eig. 79. 

Atomic volume curves. 
2B 
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General Periodic Properties of Spectra. The optical spectra, 
which have been the subject of such searching investigation in 
recent years, exhibit certain regular quantitative and qua^ta- 
tive changes as the atomic number increases. These will be 
invoked as occasion arises, but one very important generalisa- 
tion for immediate notice. The type of series spectrum, 
as given by the multiple structure of the lines (i.e. whether 
singlets, doublets, tnplets, or higher multiplicities occur) shows 
a sudden variation as we pass from group to group, as first 
indicated by Rydberg in his law of alternations, which stated 
that doublet and triplet spectra were to be expected alter- 
nately as we pass from column to column in the periodic table. 
Thus the neutral alkali metals give doublet spectra, the spectra 
of the neutral alkalme earths exhibit triplets, the neutral 
elements of Column III have doublets, and so on Recent 
progress in ordenng spectra, initiated by Catalan, and contmued 
by Gieseler, Walters, Meggers, Kiess, Laporte, Sommer and 
other workers, has shown that this is but a special case of 
a more general law. Spectra, as has long been known, do not, 
in general, consist of a smgle system of principal, sharp, diffuse 
and fundamental series, but comprise distinct systems of 
different multipliaties The alkali metals, it is true, have but 
one system, the doublet system, but, for mstance, the alkaline 
earths have a complete system of four senes of single lines, 
and, in addition, a complete system of tnplets Both these 
systems belong to the neutral atom , in addition to these we 
have, for the same elements, a spark spectrum of doublets. 
The spectroscopists ]ust mentioned have succeeded m establish- 
ing the existence of systems of high multiplicity in the spectra 
of the elements of the higher groups, t.e of Columns III, IV, 
V, VI, VII, VIII. The nature of these systems of high multi- 
phcity is discussed in Chapter XV : for our present purpose 
the fact that they charactense the nature of the spectra 
suffices. The generahsation of Rydberg's rule which has 
resulted from these analyses is that odd and even multiplicities 
alternate as we pass from column to column. The regularities 
established are expressed m the following tables, which include 
the work of Meggers and Kiess and of Beals. The multi- 
plicities of the systems axe mdicated by simple figures — ^thus 
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5 indicates quintets. The brackets indicate that the multi- 
plicity in question is to be anticipated, but had not, at the time 
of writing, been observed. It will be seen that no spectrum 
contains more than three systems, and thaf the table is 
symmetrical about the elements of Column VII. 


NEUTRAL ATOMS OF FOURTH PERIOD 



NEUTRAL ATOMS OF FIFTH PERIOD 


Column 

I 

II 

III 

IV 

V 

VI 

VII 

Villa 

Vlllt 

Vine 

I 

11 

m 

Element 

Rb 

Sr 

Y 

Zr 

Cb 

Mo 

U& 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

At number- 

37 

38 

39 

40 

41 

43 

43 

44 

45 

4-^ 

47 

48 

49 



I 


I? 






I 


I 



2 


2 


2^ 




2 


2 


> 



3 


3 


3^ 


3 


3 


3 





4 


4 


(4) 


4 


(4) 



S' 




5 


5 


5 


(5) 




P 





6 


(6) 


(6) 











7 

(8) 

(7) 



i 




The above tables apply to the neutral elements. When we 
come to consider the spectra of the lomsed atoms, we have a 
further important pnnciple enunciated by Kossel and Sommer- 
feld under the name of the Displacement Law* {Verschebungs- 
satz) This law states that the spectrum of an ionised atom 
resembles in multiplet structure that of a neutral atom of an 
element of the precedmg column in the penodic table, while 
the spectrum of a doubly loiiised atom resembles m structure 
that of a neutral atom precedmg it by two places in the 

* The law is so called by analogy from the displacement law in radio- 
activity, which states that the loss of an electron (p particle) gives an element 
with the properties of the element m the next (higher) column. 
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periodic table. Quite generally, the law may be taken as 
laying down that the type of spectrum, as far as the nature of 
its system is concerned, depends upon the number and group- 
ing of the electrons and not upon the nuclear charge, a result 
which will henceforth be assumed without discussion. As an 
example of the Kossel-Sommerfeld. displacement rule we may 
take the spectra of Naj, Mg^, Aljjj, Sijy, which all exhibit 
doublets, a result extended by Millikan and Bowen to even 
higher states of ionisation, as mentioned in Chapter XIII. 
The rule is well illustrated by a diagram originally prepared 
by A. Fowler, Fig. 8o, in which the electron groups are repre- 
sented for simplicity as rings. The outermost circle represents 
the incompleted group, containing i, 2, 3 or 4 electrons as we 
go across from left to right in the diagram. 


' Singlets and Singlets and 

Doublets Tnplets Doublets Triplets 



Aljj Siji 



Siiv 

Fig 80 

Pictorial representation of displacement rule 

For the present these regularities are merely recorded. A 
discussion of various features of the scheme will be undertaken 
as occasion arises. 
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Geaeral Featoxes d! Orbit Scheme. In the very simplest 
orbit scheme, to which refereace was made m the first dis- 
cussion of X-ray spectra, the orbits were circular, and shared 
each by several electrons. Only one quantum number was 
needed to specify each orbit, and the values i, 2, 3 . . . were 
chosen for this number for the K, L, M . .. groups. We now 
know that three quantum numbers, », k^, k^, are needed to 
specify an X-ray orbit in full, or, if we consider only normal 
levels, two quantum numbers n and k. We may, then, work 
out a scheme of orbits, and consider the possible sub- 
division of these by the allotment of different values later. 

The fundamentail idea of Bohr’s method of considermg the 
general problem of atomic structure is, for an atom of given 
nuclear charge Ze, to take the bare nucleus, and add suc- 
cessively, one by one, the Z electrons which complete the 
neutral atom. The assumption to which we have already 
referred as the Postulate of the Invanance and Permanence of 
Quantum Numbers states that if to an atom m a given stage 
of completion {%.e. possessmg a number of electrons each of 
which IS specified by quantum numbers n and k), we add a 
further electron, then the addition of this further electron 
leaves unchanged the quantum numbers of the electrons 
already bound This is an assumption to which we are led 
by the general stability of the atomic structure, and has no 
mechanical justification . it has the ad hoc character of the 
other assumptions of quantum mechanics. It is to be parti- 
cularly noted that this is not the same thmg as takmg a given 
neutral atom, and, to form the next higher atom, adding one 
umt to the nuclear charge, and a fresh electron, for the chang- 
mg of the nuclear charge may affect the quantum numbers of 
the electrons already bound, as may be seen by comparing 
the spectrum of, say, neutral potassium and doubly ionised 
scandium (both with 19 electrons, but with nuclear charges of 
19 and 21 respectively) , which are considered later. Rather, the 
spectrum of doubly ionised scandium helps to fix the quantum 
numbers of the first 19 electrons of scandium, which the 
addition of the two remammg electrons leaves unchanged. 
The importance of the spectra of multiply iomsed atoms for 
the theory becomes obvious. 
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Within a group of orbits of the same pnncipal quantum 
number n we ha've orbits of different eccentricity, according 
to the value of k. For small k the perihelion distance is small, 
being given quantitatively, in the case of a hydrogen-hke atom 
of nuclear charge Ze, by the formula (7), Chapter XI., viz. 



If we consider an actual atom, the field is not Coulombian 
until we are some distance outside the boundary ; for any 
orbit whose dp works out to be within the core radius the 
penhehon part lies in a stronger field than that assumed in 
the above formula, and therefore dp is actually less than that 
given by the above formula, if for Ze be taken the effective 
nuclear charge for the aphelion parts of the orbit. In any 
case it is clear that orbits of a given n, and small k, may 
penetrate within orbits of lesser «, but greater k We no 
longer have a spatial separation of the region in which orbits 
of a given n lie from the region m which orbits of another n 
lie, as in the case of circular orbits, but interpenetration of 
orbits of different «, both in the case of real and of virtual 
orbits An important consequence of this is that we can no 
longer conclude that every orbit of a given n is more firmly 
bound than any orbit for which n has a greater value, as was 
true in the case of circular orbits ; owing to the intense field 
which prevails at perihelion the bmding of an orbit for which 
k IS small may be closer than that of an orbit for which n is 
smaller, but k larger It follows from this that if we take a 
nucleus of charge Ze, and add electrons one by one, we may 
reach a stage at which, orbits being occupied {t and u are 
particular values of n and k, u being equal to or less than i), 
the next electron may go to a (M-i)i orbit in preference to a 
orbit. It is perhaps best to consider the particular example 
to which reference has just been made. As we shall see later, 
it appears that with argon, at the end of the second penod of 
eight, 3i and Sj orbits are fully occupied by electrons. With 
potassium [Z — 19) we add a new electron • if it went to a 
33 orbit this would be a circular orbit lying outside the core, 
or, as we have called it, an orbit of the first kmd. A 4^ orbit. 
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however, penetrates deeply within the core, or is an orbit of 
the second kind, and spectral evidence points in fact to such 
an orbit being more firmly bound than a 33 in the case of a 
nuclear charge of 19, so that the last added electron for potas- 
sium goes to a 4i orbit, and no 33 orbit is occupied. If the 
nuclear charge is greater than 19, however, while the field well 
withm the core is mcreased by a small proportion only, the 
field outside the argon group of 18 electrons is very much 
increased : the effective nuclear charge outside the kernel is 
about I for potassium, and about 3 for scandium. The result 
is that the strength of bindmg of a 3, orbit, still of the first 
kind, is very much increased compared to that of a 4^ orbit, 
and actually exceeds it, as we pass from potassium to doubly 
ionised scandium. We understand, therefore, that whereas a 
group of orbits, such as the 33 orbits, may, as we mcrease 
Z, be temporarily passed over on account of the weakness of 
binding, a stage will later be reached at which the relative 
strength of binding of these orbits is so much mcreased that 
they will be occupied in preference to 4i orbits This addition, 
as it were, to a group of orbits of a given quantum number 
after a beginning has been made with orbits of a higher 
quantum number is made to explam the presence of interpolated 
dements in the longer groups It is a most essential feature 
of Bohr’s scheme of mterpenetrating orbits, and will receive 
further reference when the penodic groups are discussed. 

For the general discussion of the spectral evidence the 
effective quantum number plays a very important part, and it 
may be well to revise and extend what has already been said 
on this subject The orbit of the optical dectron may either 
lie entirdy outside the core, when it approximates to a 
Keplenan ellipse, and is said to be of the first kind, or it may 
penetrate within the core, when it is said to be of the second 
kind The parts of orbits of the second kmd which lie well 
outside the core are described m a fidd which is approximatdy 
Coulombian, and therefore all of the orbit except the pen- 
hehon part may be considered as a Keplenan dhpse. Near 
perihelion, however, the dectron is subjected to a fidd very 
much stronger than that to be anticipated on an inverse square 
law fitting the remoter fidd . the result of this is a very high 
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velocity and a very large rotation of perihelion. The general 
type of the orbits of the second kind has already been illus- 
trated in Fig. 48, showing the orbits actually calculated for 
the sodium atom : it is again represented in Fig. 81, which 
serves to bring out details which must now be discussed. 



Typical orbit of the second kind. 

Owing to the large rotation of penhehon the orbit consists of 
alternate small loops, lying either entirely or nearly entirely 
within the core, and large loops extending far beyond the core 
— ^the inner and outer loops to which reference has already 
been made in Chapter XI. In obtammg the principal quantum 
number « = A + », we have to remember that the radial quantum 
number is found by taking the integral 

over a complete range of r values, or by taking it for a very 
large number of complete cycles, and dividmg by the number. 
We can therefore consider that to obtain the integral has to 
be taken over an inner and an outer loop, the outer loop being 
aaa in Fig. 8r, and the inner loop babb. A large contnbution 
to the radial integral will be given by the inner loop. The 
azimuthal quantum number k is given by the moment of 
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momentum about the nucleus, which is, of course, constant 
throughout the orbit. 

The outer loop is nearly a Keplerian ellipse, executed in a 
field which, especially in the remoter parts, approximates very 
closely to that given by a single central charge se, if the atom 
is (s-i)ply ionised We can, then, by smtable projection 
conditions, obtain a truly elhptic orbit about a central charge 
se which shall coincide with the outer loop except in the neigh- 
bourhood of penhehon. Let the negative energy of the orbit 
be W : then we define an effective quantum number such that 

as in equation (4), Chapter XI. This effective quantum 
number, which, as there explamed, will not in general be an 
integer, serves to give the energy of the outer loop, treated as 
an orbit of a hydrogen-like atom. W, we know, is the work 
required to remove an electron from such an orbit to infinity, 
by our definition, so that gives the work required to remove 
the electron from its actual orbit, n^, then, may be said to 
measure the firmness of binding of the electron. It is, of 
course, the square root of the Rydberg denommator found by 
experiment. 

is not, however, the true quantum number of the actual 
orbit, smce the inner loop contributes essentially to the radial 
quantum number : m fact we have already proved m 
Chapter XI. that n^<n. A corollary to this is that the dimen- 
sions of the outer loop are less than those of a hydrogen-hke 
orbit of total quantum number n about a central charge se. 
The inner loop coincides approximately, as far as all but the 
remoter part is concerned, with the quasi-elliptic orbit (indi- 
cated by hhbc in Fig 81) executed by a core electron which 
never “ breaks away ” as it were. We wiU suppose that the 
principal quantum number of this core electron is while its 
azimuthal quantum number k will clearly be that of the 
optical electron considered * The radial unpulse, in the 

* While Wf is always greater than the binding of the core electron is, of 
course, much firmer than that of the optical electron, since the effective 
nuclear charge for it is much greater than se. 



442 


STRUCTURE OF THE ATOM 


neighbouriiood of perihelion, will also be the same for both the 
electrons, but remote from perihelion the velocity of the 
optical electron is clearly greater than that of the core electron, 
since at a given distance the central force is the same in both 
cases, and the optical electron escapes. As k is the same in 
both orbits, the radial integral over the inner loop must be 
rather greater than that over the core orbit, or the contribution 
of the inner loop to the n of the optical orbit, which accounts 
for the excess of n over is somewhat greater than {n^-k), 
the radial quantum number of the core electron. The con- 
tribution of the outer loop to the radial quantum number is 
somewhat less than that of the whole Keplerian elhpse which 
coincides with it m the aphehon region, %.e. less than - k, 
so that we have the approximate relation ■ 

n=nf-{-li=^{n^-k) + - k) +k 

or (i) 

Here % is the greatest total quantum number of an orbit 
actually forming part of the atom (as distmct from a virtual 
orbit) for which the azimuthal quantum number is k. 

The pnnapal quantum number n tells us to which group an 
orbit belongs, starting with «— i for the if group, and proceed- 
ing outwards with increasing n, passing from real to virtual 
orbits. For real orbits n gives the energy, or closeness of bind- 
ing, to a first approximation Thus a study of the X-ray terms, 
as represented in Figs 87 and 88, shows that up to ^=57, all 
real orbits of a given n are more firmly bound than any orbit 
of a greater n for greater Z we have for a time the circular N 
orbits, iVyj, iVyii, less firmly bound than the 0 orbits of highest 
eccentriaty, which can be explained on the hnes sketched 
above for optical orbits, smce, although the circular N orbits 
are within the atom, they are entirely m a region for which 
the effective nuclear diarge is very small compared to that at 
penhehon distance for Oj, 0 ^ or Om orbits {k = i or 2). For 
optical orbits the closeness of bmding is given by in the case 
of penetrating orbits, which, owing to the iruier loop, is con- 
siderably less than « . m the case of orbits of the first kind it is 
approximately given by n. Whether an orbit of a given n 
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penetrates or not may depend upon the value of k, and an 
orbit for which k is large (say, the extreme case of a circular 
orbit, may not penetrate, while one for which n is larger 
and k smaller may penetrate, with corresponding diminution 
of n to as far as the outer loop is concerned. 

We now see how it is that although on Bohr’s scheme the 
principal quantum number n of the basic term, and other 
corresponding terms, of the optical spectra of homologous 
elements increases by steps of i as we go from element to 
element, the spectra are closely similar to one another. The 
term values are given not by n, but by n^, and formula (i) 
shows that if k be fixed, changes of are to a first approxima- 
tion given by the changes of n-n^, where is the highest 
value of the pnncipal quantum number for an orbit within 
the atom which has the same k. Both n and mcrease by i 
as we go from one atom to the next one in the same column of 
the periodic table, so that differs but little for similar terms 
of homologous elements. Accordmg to our rough formula, 
should be respectively 2 and 3 for the first terms of the 
S and P sequences the first D and F orbits are not, m general, 
of the second kind, or, in other words, with most atoms the 33 
and the 44 orbit he outside the core, and n^=n approximately. 
Hence, very roughly, we expect to be 2, 3, 3, 4 for the first 
term of the S, P, D, F sequences Actually, for the alkalis and 
alkaline earths (singlet system) we have i<?i,<2 for the first 
•*i^rm of the S sequence, 2<«,<3 for the first term of the P 
.sequence, as shown in the table on the next page On the con- 
ventional spectroscopic notation a value of n is selected for the 
first term of the different sequences which makes the Rydberg 
correction small. It has been pointed out that on Paschen’s 
notation the values »=i, 2, 3, 4 ... are selected for the first 
terms of the S, P, D, F ... sequences, while on the Rydberg- 
Fowler notation » = i, i, 2, 3 It wiU be seen that m Paschen’s 
notation the values selected differ, in general, by less than 
unity from n^, while on Rydberg-Fowler the divergenaes are 
somewhat greater The fact that, as far as the S and P terms 
are concerned, n as allotted on the rational orbit system by 
Bohr does not give, even to the roughest approximation, the 
values of the terms, explams why this notation is unlikely to 
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be adopted practically. Taking the alkali metals as an 
example, it would demand a Rydberg correction for the first 


Elemeat 

Quantom nuinbeis 

of first term of 

eadi seqaeacQ 

Effective quantum number 
ne of first term 

Negative Rydberg correction for 
large values of n 


S 

P 

D 

F 

S 

p 

D 

F 

S 


D 

F 

iH 

ii 

2a 

3 $ 

44 

1*00 


3-00 

4*00 

0-00 

0-00 

0 00 

0-00 

2 He 

ii 

2 j 5 

Ss 

44 

074 


300 

4*00 

0-14 

o-oi 

0*00 

0 00 


2x 




1-69 


2-99 

4 00 

0*30 

0-07 

0*00 

0 00 

MH| 



38 

44 

1-59 


3*00 

4 00 

0*40 

0-05 

0 00 

0 00 




33 

44 

fl 82 


2-98 

— 

I-I 4 

070 

0 02 

— 





1174 


297 

— 

1-13 

078 

0*04 

— 

II Na 

81 


38 

44 

1 63 


2-99 

4 00 

lEI 

0-85 

O-OI 

0-00 

12 Mg 1 

81 


33 

44 

rx *33 

2 03 

2-68 

— 

wm 

1-04 

•56 

0 06 

4 i 




12-31 

1-66 

2-83 

396 


I 12 

•17 


13 A 1 

4 i 


38 

44 

2 19 

I5X 

2 63 

3 97 

Ba 

I 28 

0-93 

0 05 

19 K 

4 i 

42 

38 

44 

177 

2*23 

2-85 

3-99 

2-17 

170 

0-25 

0 01 

20 Ca f 

4 i 

42 

33 

44 

IM 9 

2 07 

2*00 

3-97 

2-33 

1*93 

0 95 

0-09 

5 i 




1249 

1 79 

1-95 

392 

2-44 

I 95 

0-92 

0 10 

24 Ct I 

4 x 

— 

33 

— 

1-42 

fi 88 
\2 03 
1-63 

3-99 

— 

2 45 

— 

(001) 

— 

1. 

25 Mn 

5 i 

— 

33 

— 

a 31 

2*89 


2 *60 

— 

0'o8 

— 

29 Cu 

4, 

22 

33 

44 

1 33 

I 86 

2 98 

4 00 

2-58 

(0-09) 

0 02 

0*00 

30 Zn 1 


— 

3 d 

44 

I 20 

194 

2*87 

— 

2-62 

— 

0 20 

— 

5 i 




2 34 

I 60 

2'90 

398 

272 

— 

0 08 

0 04 

3 x Ga 

5 i 

— 

33 

— 

a 16 

X52 

2 84 

— 

2 78 

— 

0 24 

— 

37 Rb 

61 

52 

38 

44 

I 80 

2*27 

2 77 

3*99 

3 13 

2 66 

0 3«5 

0*03 

38Sr ■[ 

61 

52 

48 

44 

/I 54 

2 13 

2 06 

4 X 4 

(3 2(>) 

( 2 - 59 ) 

175 

0 10 

f>x 




\ 2-55 

I 87 

I 99 

391 

3 77 

2 85 

I -So 

0 12 

47 Ag 

61 

22 

33 

44 

1-34 

1 90 

2*98 

3 99 

352 

(005) 

O-OI 

O-OI 

48 Cd 

5 x 

^ 

38 

44 

fi -23 

1-95 

2 87 

— 

3-57 

— 

0 21 

— 

49 In 





la-aS 

1*62 

2*89 

3 97 

367 

— 

0 07 

003 

^x 
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3 s 
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2'2I 

x -55 

i 2 82 

— 

3 73 

— 

0 29 

— 

55 Cs 

81 

m 

3 s 

44 

1-87 

235 

2*55 

398 

4 05 

357 

045 

0-04 

56 Ba 1 

M 

6. 

58 

44 

il -62 

2*14 

I 89 

2-85 

443 

(3 73) 

2-45 

(0-92) 





\2-63 

I '94 

I 82 

384 

4*28 

367 

2 77 

0 12 

8oHg| 

13 

— 

33 

44 

11-14 

I -91 

2 92 

— 

4-63 

— 

0 08 

— 

7 x 




\2-24 

1-59 

293 

3-97 

471 

— 

0*05 

0 03 

81 T 1 

7 i 


38 

44 

2-19 

1 

1-56 

2*90 

3-97 

4 * 7 + 


0*10 

0-03 


In the above table the basic orbit is indicated by heavy type. 


S terms of --40, -134, -2-17, -3-13 and -4-14 for neutral 
hthium, sodium, potassium, rubidium and caesium respec- 
tively, while on Paschen’s or Fowler’s notation the correction 
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is •6o, *66, -83, *87, ’86 respectively, or varies little from element 
to element, which best emphasizes the similarity of the spectra 
of the neutral atoms of alkali metals. 

The Inert Gases. The inert gases, placed together in 
Column 0 at the end of the periodic table, are of such import- 
ance for any systematic theory of atomic structure that it 
may be well to say something of them as a preliminary to the 
fuller discussion of the periods. Their chemical inertness, 
with which must be classed their monatomic nature,* indicates 
that all the outer electrons are tightly bound in a closed group- 
ing, so that no one of them is available for interaction with 
other atoms. The valencies of the neighbouring elements 
likewise indicate that these gases form, as it were, turning- 
points in the scheme of atomic structure. As expressed in 
Kossel’s diagram. Fig. 78, the atoms of the elements preceding 
or following an inert gas tend to take up or lose, respectively, 
a number of electrons sufficient to make their electronic 
structure resemble that of the inert gas in question. It is of 
great sigmficance in this connection that the atoms of hetero- 
polar compounds are demonstrably not neutral, but consist 
of positive and negative ions, held together by electric forces, 
as is proved by the existence of free periods in the infra-red 
region, established by the experiments of Rubens and his 
collaborators on Reststrahlen. Such experiments have demon- 
strated for crystalline halogen compounds, for instance, the 
existence of a single region of metaUic reflection corresponding 
to a vibration of a frequency only to be explamed on the 
ground of such electrically coupled atoms The halogen atoms 
do, then, actually take an electron, and the atoms which com- 
bme with them lose electrons, as demanded on Kossel’s theory, 
and the expenments of Debye and Scherrer, and of W. H. 
Bragg, cited on page 638, offer further proof in this direction. 

The actual existence of the high degree of symmetry which 
this closed and particularly stable inert gas structure might be 
expected to possess is proved by the lack of magnetic moment 
of the mert gases, which are all diamagnetic. Further evidence 

■* The band spectrum of helium indicates that this gas can be exceptionally 
provoked to form molecules, but the atoms so combming must be supposed 
to be not in the normal state, but the metastable state. 
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for the completed nature of the electron grouping may be 
found in the extremely high ionisation potentials of the 
inert gases, and their very complex spectra the former 
indicates the difiiculty of breakmg up the structure by remov- 
ing an electron, and the latter that the outer electrons left in 
the incompleted group when an electron is actually removed 
are many m number. With the exception of hehum and neon 
no success has so far been achieved in ordering the spectra of 
the inert gases, although some regularities have been found 
with many of the preceding elements. Again, while the 
ordinary spectra of the alkali metals are particularly simple 
as spectra go, very intense spark excitation produces with 
sodium and potassium a new and very complicated spectrum, 
as clearly demonstrated by Goldstein He realised that this 
new spectrum must be due to a new state of the emitting atom, 
and called it the Basic Spectrum (Grundspektrum). Now if, 
as we have supposed, the alkali metals consist of an mert gas 
structure and a single outer, or valency, electron, we should 
expect the ordinary, or arc, spectrum to be simple compared 
to that of the succeedmg elements, with more outer electrons. 
The ionised atom, however, must have an inert gas structure, 
so that a spark spectrum, produced by removing a second 
electron, should be very rich in lines, and resemble the arc 
spectrum of the mert gases This relation between the spectra 
has been definitely established by recent work in Konen’s 
laboratory at Bonn, where Sommer has demonstrated a general 
similanty between the spark spectrum of caesium and the arc 
spectrum of neon and of xenon, while Dahmen has proved a 
quahtative resemblance between the spark spectrum of potas- 
sium and the arc spectrum of argon. These observations, 
together with the earher work of Goldstein, confirm, therefore, 
our view of the inert gases as closed structures, the addition 
of a further electron to which begins a fresh group 
The atomic numbers of the inert gases, from hehum to 
radon, are 2, lo, i8, 36, 54, and 86, the numbers of elements 
m the succeeding groups m the table bemg 2, 8, 8, 18, 18 and 32, 
if hydrogen and helium be taken as the first group. These 
numbers might at first seem to represent on our scheme the 
numbers of electrons having, respectively, »=i, 2, 3, 4, 5 and 6, 
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or, in other words, the numbers of electrons in the K, L, M, 
N, 0 and P groups. This, however, is not the fact, since, as 
we have already indicated, m the longer groups there occurs, 
when we reach the mterpolated elements, a further building up 
of inner groups which were left at an mtermediate stage of 
great stabihty when the new group first began. With each 
inert gas the number of electrons m the outermost group is 8 , 
as we shall see later, a fact foreshadowed in Abegg’s rule that 
the sum of the maximum positive and negative valencies of an 
element is eight. So fundamental is the number eight for our 
present subject that Ladenburg has spoken of it as “ sanctified ” 
(gehetUgt) by the penodic system. 

The only inert gas with which an attempt has been made to 
calculate quantitative results from a mechanical model is 
hehum, which might at first sight seem simple, compared to, 
say, a sodium atom, consistmg as it does of a nucleus and but 
two electrons. (We speak, of course, of the neutral atom ) 
The simphcity is, however, m appearance only, for whereas m 
the case of sodium we can ob'tam fairly satisfactory numencal 
results by treating one electron as privileged, and the rest as 
constituting a core, m the helium case such a separation is not 
justified. At the present time there is, in fact, no fully satis- 
factory model, so that we must be content to mdicate some of 
the facts which must be explained, and the attempts which 
have been made to devise an adequate model. 

One demand made of a model of the hehum atom is that it 
shall give a correct value for the ionisation potential, t e the 
work required to remove one electron to infinity from the 
atom in its normal or basic state Another is that it shall give 
an approximate representation of the spectrum of neutral 
helium. It is to be remembered that this consists of two 
distmct systems, one of doublets and the other of singlets, 
each system contammg a prinapal, sharp, diffuse and funda- 
mental senes. (See page 179 .) These two systems are sharply 
separated, in the sense that each is represented by separate 
sequences of terms, and that no hnes are known corresponding 
to combinations between terms drawn, one each, from the two 
different famihes. In the case of other spectra containing 
different systems intercombinations are common, e.g. with 
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mercury, which contains a singlet system and a triplet system 
(see Fig. 50), combmations between triplet and smglet terms 
occur freely. Besides representing these qualitative facts, a 
satisfactory model should allow some quantitative calculation 
of these values. 

One early assumption was that the two electrons revolved in 
the same circular orbit, at opposite ends of a diameter. This 
has been definitely abandoned as a result of criticism based 
upon the fact that it gives too high a value for the ionisation 
potential, and upon a disagreement with spectroscopic results 
which need not be here set out at length. In another model 
proposed, one electron forms a " double star ” with the nucleus, 
while the second revolves round the pair as the smgle electron 
revolves round the nucleus m the hydrogen atom, but this is 
mathematically intractable, and has won no support. In the 
only models that have had any success both electrons are bound 
in equivalent orbits. That which has received most considera- 
tion IS the so-called crossed orbit model, which will accordingly 
be briefly discussed here, but its success is very limited, and 
Sommerfeld has proposed a variant which will also be 
mentioned 

In accordance with Bohr’s method, we take a nuclear charge 
of two units. We consider one electron to be firmly bound in 
a circular orbit, as m the normal state of the hydrogen atom, 
and enqmre how the second can be added. First of all, the 
second electron may have, for orbits of higher quantum number, 
its orbit in the same plane as the first electron In this case, 
however, the closest possible bmdmg is expressed not by a 
I quantum orbit, but by a 2i orbit, for the correspondence 
principle indicates that there can be no passage from a state 
where the second electron executes orbits about the first 
electron and nucleus to one where it shares a circular orbit 
with the first electron The senes of harmonic terms which 
covers the transitions for the former class of motion will not 
cover the latter transition. This movement of the second 
electron in the same plane as the first, with a 2 ^ orbit as its 
final state, correspond to the orthohehum (doublet) system. 
Clearly, however, the 2i orbit for the second electron cannot 
represent normal helium, because the bindmg is far too weak 
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to give the observed ionisation potential. It corre^onds 
rather to the metastable state found by Franck, from which 
no direct transition to the normal state is possible. 

If, however, the second electron does not move in the samft 
plane as the first, the transition process when the second 
electron passes to a orbit whose plane makes an angle with 
that of the first ij orbit, is not fundamentally different from 
that when it passes to a 2^ or any other orbit, and a detailed 
consideration of the correspondence prmaple shows that such 
a transition can be included m the scheme. The plane of the 
final ii orbit of the second electron is assumed to make an 
angle of 120° with the plane of the equivalent orbit of the 
first electron. The parhelium system of singlets corresponds 
to transitions among the class of stationary states in which 
the final one is this inclined orbit. It may be asked why, 
since the energy of this orbit is so much smaller than that 
of the 2i orbit which represents the closest bindmg of the 
orthohelium orbits, the singlet system does not include lines 
of much higher frequency than the doublet system. The answer 
IS that it does, but that these Imes have only recently been 
observed in the optical spectrum, being Lyman’s extreme 
ultra-violet series (i^S - «^P), alluded to on page 319, where 
the connection between optical and X-ray spectra is discussed. 




Crossed orbit model of neutral helium. 

Fig 82 indicates the chief features of the crossed orbit 
model, or the Bohr-Kemble model, as it is sometimes called, 
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siinr>> E. C. Kemble proposed it independently of Bohr. By 
assumption the two electrons have orbits equal in all respects, 
and wiU be at opposite ends of the common diameter simul- 
taneously. The sense of the motion in each orbit is such that 
the angle between the two vectors representing the angular 
momentum is 120°, and not 60®, which is why the inclination 
of the orbits is said to be lao®. A consequence of this is that 
the resultant angular momentum is equal m magnitude to the 
angular momentum in either orbit, as can be seen by a glance 
at the vector diagram, viz. equal to A/zjr. With this must be 
associated a magnetic moment. Now the neutral hehum 
electronic structure forms the K group of aU heavier atoms, 
while all higher completed groups or sub-groups have no 
resultant moment on account of their high degree of symmetry. 
Every inert gas should therefore possess unit moment of 
momentum, and the corresponding magnetic moment, on 
account of its crossed orbit K group. It is an experimental 
fact, however, that all the mert gases, indudmg helium, are 
diamagnetic, which implies that the atoms have no magnetic 
moment (see Chapter XVI). Bohr has attempted to get over 
the difficulty by supposmg that all the atoms set with their 
moment across the direction z of the field, but in random 
directions in the xy planes, which would give no resultant 
momentum. There are, however, other difficulties Reference 
may be made to a paper by J. H. van Vleck on the subject , 
a more comprehensive mvestigation has been published by 
H. A. Kramers, who shows that the model gives an ionisation 
potential of 20 63 volts, which is less by 3-9 volts than the 
experimentally deterrmned value of 24'5 volts This experi- 
mental value is particularly well supported, having been 
found independently by Horton and Davies, by Franck and 
Kmppiag, and by Mackay. The series limit extrapolated 
from Lyman’s extreme ultra-violet helium lines [x^S—v^P) 
also confirms this value, bemg 24-6 volts. Kramers further 
^owed that the model is unstable, if the question of stability 
is determined by the ordinary laws of mechamcs. He con- 
siders that, while we might have hoped that m so simple a case 
these laws would hold for the purposes of the investigation, 
yet we have no reason to be surprised — although possibly we 
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may be pained — ^if they appear not to do so. He prefers 
abandoning the laws of classical mechanics to abandoning the 
model, and urges that the criticism which argues that the 
helium atom can have no moment of momentum as a whole, 
because the atom is not paramagnetic, is not cogent, since, for 
one reason, the anomalous Zeeman effect has shown that 
considerations of classical mechanics do not suffice to describe 
the magnetic properties of atoms.* It is true that we have 
abandoned many principles of classical mechanics at the bidding 
of the quantum theory, but it is not clear yet how we are to 
investigate stability without them. 

A further criticism brought against the crossed orbit model 
by Pauli is that, if the K orbits had a resultant moment, the 
relativity effect in the case of atoms of large nuclear charge 
would produce a large influence on the ratio of magnetic 
moment to moment of momentum, and hence on the Zeeman 
effect — an influence which is not experimentally found. 
Fmally, no success has so far been obtained in attempts to 
calculate the terms of the senes of neutral helium. 

The crossed orbit helium model, although it has been widely 
accepted, is, then, not by any means free from reproach. 
Sommerfeld in particular has protested against its adoption, 
and proposed in its stead a model in which the orbits of the 
two electrons are co-planar and equal, while the sense of the 
circulation of the electron is opposite in the two orbits, so that 



Sommerfeld's proposed model for neutral helium. 

on the whole there is no moment of momentum, and no mag- 
netic moment. The proposed scheme is represented m Fig. 83 
Sommerfeld applies the quantum condition in an unusual way 

* But although the relation between moment of momentum and magnetic 
moment is not that demanded by classical theory, nevertheless a moment of 
momentum is always accompamed by a magnetic moment. See Chap. "KV 
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by equating the sum of the radial momenta of the two electrons 
to and the sum of the azimuthal momenta of the two 
electrons to hh\ 


<^2 =kh. 


The smallest physically possible values for and k are i, if 
we deny that the two electrons can move in the same circular 
orbit, for «,=o would imply that both radial integrals were 
independently zero. If the two electrons move m equivalent 
orbits, we therefore have 


^Pf,dri = (^Prdr^ = ^psd d 6 ^ = JA. 


If we neglect the interaction of the two electrons, the orbits 
are ellipses of total quantum number n=n^+k—i, azimuthal 
quantum number which we can write in our usual notation 
as elhpses. A simple calculation shows that for these orbits 
the minor axis is half the major axis, and the major axis 
half that of the hydrogen orbit. 

The two spectral systems Sommerfeld explains by supposmg 
that one corresponds to orbits with half integral k, the other to 
orbits with integral k : since the normal state of the atom is 
in Sommerf eld’s model given by k=^, it must be the par- 
helium system that belongs to the half-integer k orbits. Smce 
the correspondence prinaple allows only transitions for which 
AA = ±1, there can be no combinations between terms of the 
different systems, so that this fact is explained on Sommerfeld’s 
model as well as on Bohr’s. Sommerfeld’s model further 
explains the experimentally estabhshed lack of magnetic and 
electric moment of the hehum atom 

The other difficulties, of calculating the terms and the 
ionisation potential, remain ; for this the disturbing effects of 
the electrons one on another must clearly be considered. The 
atom may start with the phase relationship shown in Fig 83, 
but as a result of the interaction of the two electrons (one 
screening the other from the nuclear charge in Fig. 83) the 
simple periodicity will be disturbed, and one electron will gain 
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on the other until the original configuration is approximately 
reached again. There is a double periodicity. Sonunerfeld 
refers to an unpubhshed calculation of Heisenberg’s, which 
takes account of the multiple periodicity, and gives an ionisa- 
tion potential of 24-5 volts, but also shows that the model is 
unstable. We must therefore be content to follow Sommer- 
feld, and speak of the helium problem rather than the helium 
model. We may add that Sommerfeld himself is convinced 
that the solution is to be sought on the lines of a model m which 
both orbits are co-planar. 

Before leaving the helium atom reference may be made to 
an important experiment of Milhkan’s which has a bearing on 
the subject. Millikan showed by means of his droplet method 
that a swift a particle does not knock more than one electron 
from a given atom, whether it is of comparatively low atomic 
number, such as carbon or oxygen, or of high atomic number, 
such as mercury. This seems to prove that the electrons withm 
an atom are in independent orbits, in accordance with modem 
belief, and not in nngs of four or eight as in the older theory. 
The one exception to the expenmental rule is hehum, from 
which both electrons can be removed in a single colhsion — in 
fact, one m every six effective collisions does remove both 
electrons. This mdicates that, while the electrons are in 
separate orbits they are, for about a sixth of the period of 
revolution, so close or so mtunately associated that the passing 
a particle mfluences both equally This general result could, 
then, be explained by either the Sommerfeld or the Bohr 
model, but does not offer any decision between the two. 

No attempt has been made so far to carry’- out quantitative 
calculations for any other inert gas. 

The Periodic System : Short Periods. We have now to con- 
sider how, by the study of physical and chemical properties, 
espeaally the nature of the spectra, the orbital schemes corre- 
sponding to the different elements can be deduced. In other 
words, we have to deade the number of electrons m each group 
and sub-group, rel5dng at every step on empirical results for a 
decision. 

Starting with hthium, we take a nucleus of charge 3 to which 
two electrons have been added, arranging themselves in a 
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manner resembling neutral helium. For convenience we will 
assume the crossed orbit model, so that the two electrons 
occupy ii orbits : the nature of the helium model assumed is of 
secondary importance for the present considerations, and can 
be changed without affecting the general argument. In the 
lithium spectrum the P terms differ but little from hydrogen 
terms, e.g. for the first P term is 1*96 (cf. table on page 444), 
approximating closely to 2, while succeeding P terms are very 
nearly 3, 4 . . . , the divergence becoming less and less as n 
becomes greater. This indicates that the circular aj orbits, 
and further the elliptic 32, 42 • • . orbits, lie entirely outside the 
core, which consists of the nucleus and the first two electrons : 
for these orbits the screening by the two electrons is nearly 
complete, so that we have an approximation to a hydrogen- 
like field. The S sequence of lithium, however, departs 
markedly from hydrogen-like values for the earlier terms, the 
value of for the first S term being 1-59. The hmit of the 
principal series of lithium, i.e. the v value for the first S term, 
which is the greatest term in the spectrum, is 43485, while the 
limit of the Lyman senes for hydrogen is )'=P= 109678. 
Denoting by the work needed to take a hydrogen 
electron to mfimty, we find from the figures just quoted that 
the work required to remove the third electron from the 
closest boimd lithium orbit is ’3961^2, whereas for a 2i or 2 ^ 
hydrogen orbit it is •25W^. These facts are consistent with 
the supposition that the orbit of the most firmly bound electron 
m hthium is a 2^ orbit, which penetrates within the region of 
the ii orbits, so that the screening is mcomplete, and the 
bmding is much firmer than that of a hydrogen orbit of 
the same prmapal quantum number. Fig. 84, which gives the 
Bohr-Grotrian diagram * for hthium, shows clearly the general 
magmtudes of the vanous terms, on which the argument is 
based that the third electron is normally bound in a 2i orbit. 

* In all the Bohr*Grotnan diagrams in this chapter a logarithmic scale is 
adopted for v, to avoid overcrowding of the higher terms In the case of 
doublet hues the short hne representing the (mean) frequency is broken into 
two, smce in general the doublet is too narrow for the components to be 
shown separately on this small scale In the one or two cases (cf. Csj, Cuj, 
Fig, 84) where the doublets are wide the two halves of the broken line have 
been staggered to show the separation. 
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The hydrogen terms, for which «g=2, 3, 4 . . . , axe shown on 
the diagram. All the D and F terms approximate very closely 
to the hydrogen values, smce the smallest D and F orbits, 
3 j and 4*, are large compared to the core. 

The experimental data show that a third orbit completely 
external to the two ij orbits of the hehum group, and thus 



Fig. 84. 

Bohr-Grotnan diagram for spectra of neutral alkali metals, and of 
copper and silver. 


described in a partly screened field, cannot e.xist Bohr states 
that the polarisation of the core which would be produced by 
such a circular orbit, could it exist, would result in the external 
orbit being drawn mto the region of the inner orbits, and, 
by assumption, three equivalent ij orbits are impossible. 
The whole argument as to possible orbits is an intimate 
mixture of experimental and very general mathematical 
reasoning, the properties of the orbits in complicated atoms 
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being, 'with the hypotheses so far elaborated, only vaguely 
dedudble on a dynamical basis. 

The alkali metals readily form compounds in which the metal 
acquires a single positive charge, as indicated by the results 
of electrolysis. They have a low ionisation potential for 
single ionisation, but it is exceedingly dif&cult to produce a 
doubly ionised atom. We have seen that in the case of lithium 
the third electron is bound m a 2i orbit. When we turn to 
sodium, we must consider a nucleus for which .2’=ii, and that 
the first ten electrons have been bound two m the K group and 
eight in the Z group, which, with this number of electrons,’ 
attains the highly symmetrical and closed inert gas form. We 
have to enquire as to the normal orbit of the eleventh electron : 
by our hypothesis its principal quantum number cannot be 2, 
the L group being complete, but must be 3 or higher The 
first S term is the largest in the sodium spectrum, so that the 
most closely bound electron must have a 3i orbit. This orbit 
must be of the second kind, for its effective quantum number 
fig is 1*63, while n is 3, or, otherwise expressed, the work 
required to remove the electron is much greater than that for 
a hydrogen-hke orbit for which « is 3 That this orbit does 
indeed penetrate the core may be confirmed either by takmg 
for the core a diameter found from other measurements, and 
diowmg that the perihelion distance is less than this, or, 
conversely, by assuming penetration, and enquiring at what 
distance from aphehon the inverse square law must be assumed 
to break down in order to get a term value approximatmg to 
that observed. This gives an estimate of the core size which 
can be compared with that obtamed in other ways. 

Many estimates have been made of atomic iameters, and 
anything like a thorough discussion is obviously superfluous 
here. We have, however, particularly m the case of the 
alkah metals, to distinguish between assessments calculated to 
give the size of the ionised atom, and those which give the size 
of the neutral atom. For the alkali metals the latter must be 
appreciably larger than the former. In any case the expression 
" size of the atom ” is vague enough, smce an atom has no 
definite edge, and different methods of approaching the problem 
must be expected to give results differing within certain limits. 
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since they implicitly take different criteria to define the 
boundary. Without considering the problem in detail we may 
dte the estimates of Wasastjema, based on ionic refraction, 
and of Fajans, Herzfeld and Grimm, based on an elaborate 
consideration of Bom's lattice theory, both of which apply to 
the ion. For the radius of the sodium ion the former method 
gives *74 X io“® cm., the latter -52 x io“® cm.* The radius of 
the neon atom, which should very slightly exceed that of the 
sodium ion (it has the same electron stmcture, but a nuclear 
charge less by i unit), is *65 x 10”® cm. according to an estimate 
of W. L. Bragg’s, and 1*17 x io“® cm. according to Rankine’s 
estimate based on viscosity measurements. We may take, 
then, *75 x io~® as the approximate ionic radius for sodium. 
(For the neutral atom considerations of atomic volume, and of 
iomsation potential, lead independently to 1-4x10“® cm. as 
radius.) Assuming a penetration of the core by the S orbits, 
Hund has estimated the radius of this ion by calculatmg the 
distance at which the inverse square law must be supposed to 
break down m order to obtain the right term energy, a method 
referred to above. He estimates the deviation from the 
Coulombian field by methods similar to those of Hartree (see 
Chapter XI.), and arrives at a value about 2 x io“® cm. for the 
radius. If, instead of k=i for S orbits, he takes half-integer 
values (this has to be done m many cases : see Chapter XV.) 
he gets 1-6 x io“® cm., which is nearer the radius obtained by 
the other method, but still too large. However, exact agree- 
ment can scarcely be expected m view of the indetermmate 
nature of the radius. 

From formulae (7) and (8) of Chapter XI. we can find at 
once the perihelion and aphelion distance of a given orbit 
in a truly inverse square field of force, and we have, as there 
deduced, 

* Contrast W. L. Bragg’s estimate from crystal structure, which is 
I 8 X 10*® cm. for the radius of the sodium atom. From the method adopted 
it cannot be dehnitely said whether tibis apphes to the ion or the neutral 
atom, although the bulk of the evidence points to the sodium atom being 
lomsed in crystallme salts The definite maxima shown at the alkah metals 
m the lower part of Fig. 79 would mdicate, however, that the neutral atom 
IS m question, as far as the estimate has a physical meanmg. 
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tlie limit on the left being attamed for n=k (drcnlar orbits), 
while that on the right is approached as n tends to oo , i.e. as 
the eccentricity increases. Now at aphelion for the 3^ orbit 
the effective Z is i, so that, if the orbit were a true Keplenan 
ellipse, dp would be less than The estimate given above of 
the radius of the sodium ion is about so that there can 

be no doubt about the penetration of the core by the S orbits, 
the non-Coulombian nature of the actual field always increasing 
the tendency to penetrate. The value of dp for the first virtual 
P orbit, i.e. a 32 orbit, is 2‘3a^ for an effective nuclear charge 
of I. Thus this orbit would pass outside, but close to, the core 
if the inverse square law prevailed everywhere, but actually, 
owing to the more rapid mcrease of the field in the neighbour- 
hood of the core, we expect a certain degree of penetration ; 
this is confirmed by the value of which is 2-12 for the first 
P orbit, while n is 3. 

The first D orbit is a 33, or a circular orbit of radius 9%, if 
the field be inverse square. At such a distance we should 
expect the screening to be nearly complete, and hence the 
radius of the orbit to approximate very closely to this, with 
consequent lack of penetration, for the first D orbit is 
3*00, i.e. is equal to n. Higher D orbits wiU have a lesser 
perihelion distance, tending to as n tends to 00 , but even 
for this limiting value the distance still exceeds the core radius, 
and we should expect the effective quantum number to be 
approximately the same as the total quantum number, or, 
m other words, the terms to be very nearly hydrogen-like, 
starting at .^ 22 . This is the case, the sixth D term (»=8) 
being 1718*45, while -^R is 1717*16. It can easily be seen 
without discussion that the F terms would be eiqiected to be 
even more hydrogen-like, the radius of the first, the 44 orbit, 
bemg i6ajj. Fig. 84 shows the general nm of the S, P, D and 
F terms for all the alkali metals, and should be consulted 
m connection with these arguments 

Although with sodium and the other alkah metals the core 
is suf&dently small for all the F orbits to be dear of it at peri- 
helion, it IS possible for an F orbit of low eccentndty to be 
entirely free of the core, while a higher F orbit, of greater 
eccentridty (for which the perihehon distance tends to be only 
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half that of the circular F orbit) may penetrate, or at any rate 
come very near, the core. Thus it is conceivable that the 
first F term might have an exceedingly smaH Rydberg correc- 
tion, while higher F terms have a larger Rydberg correction. 
Tbis is actually the case with Aljj, measmed by Paschen, the 
following table giving the values of n and for the 
terms. The core of Ain is, of course, larger than the core 
of Naj, since it has an electron above the inert gas structure. 

«-4 5 6 7 8 9 10 

v /4 7109-90 4603-27 3323-30 2679-98 2144-95 1682-06 1340-31 

». - 3‘93 4‘88 5-74 6-40 7-15 808 9-05 

Turning to the remaining alkali metals, the first S orbit, 
which is respectively 41, 5i and 61, for potassium, rubidium 
and caesium, is always the most fiamly bound, and is clearly 
always of the second kind, smce the perihelion distance of a 
hydrogen orbit for which decreases with increasing n, 
while for homologous elements the core mcreases in size as Z 
increases. Similarly the P orbits must aU be of the second 
kind. Whether the D and F orbits are of the first or second 
kmd is a question to be exammed, smce, while they are of the 
first kind for sodium, with the increasing size of the core it 
becomes possible that they may penetrate it, or, m other 
words, the class of orbit for which penetration first occurs 
should, with homologous elements, be displaced towards the 
F orbits. We may consider the question empirically, with the 
help of the Bohr-Grotnan diagrams of Fig. 84 It will be seen 
that with hthium and sodium n approximates very closely to 
(orbits are of the first kind) for D and F terms : with potas- 
sium is somewhat less than n for D terms, and the departure 
becomes progressively greater as we proceed to rubidium and 
caesium. From the fact that approximates closely to n for 
all the elements in the case of the F orbits, we conclude that 
these orbits are always of the first kind Even for the largest 
core and the most eccentnc F orbit (caesium 124 orbit) the term 
value is 765*77, as compared with 761*65 for the hydrogen 
R/12® term. 

It is instructive in this connection to compare the spectra of 
Naj, Mgu, Aim, S^rv» ^ which have the same electron 
structure, while the net charge on the core, se, is, respectively. 
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I, 3, 3 and 4. (Cl also Fig. 80.) The Bohr-Grotnan diagram 
of these spectra is shown in Fig. 85 : since the constant in the 
spectral formula is R, 4R, gR, x6R for Naj, Mgji, Aljji, Sijy 
respectively, the terms as derived from analysis of the experi- 
mental data are divided by i, 4, 9, 16 respectively, to facilitate 
comparison. From the Vagram it may be seen that, as s 
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Fig. 85. 

Eohr-Grotrmn diagram for spectra of atoms of same electron 
structure, but drSereut atomic number 


increases from i to 4, the S terms tend to become more 
hydrogen-hke, or, in other words, approaches n steadily ; 
the same holds good of the P terms But the D terms, which 
for Naj are very dose to hydrogen values, depart from this 
and increase somewhat as s mcreases, imtil with Si^y the 
departure is quite marked. A trace of this effect can be found 
with the F terms. A simple explanation of these features can 
be given in terms of the orbit scheme 
As the net core charge se increases, the contrast between the 
field inside and outside the core becomes less marked, for while, 
e.g., for Sijy the field at a given distance outside the core is 
approximately four times that for Naj at the same distance, 
inside the core the field is increased by a comparatively small 
fraction, depending on the position with respect to the mmor 
electron groups. Thus for orbits of the second kind the increase 
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of core charge tends to make the terms somewliat more 
hydrograi-like : on the other hand, for orbits of the first Had, 
13^^^ outside the core, increase of core charge dtnii-nishftR the 
size and tends to bring them within the region where the 
inverse square law fails, with consequent departure of from 
n. D and F terms being of the first kind with the atoms con- 
sidered, we see that the general nature of the bdiaviour 
expressed in Fig. 85 follows from this argument. 

With the alkali metals, then, everything is straightforward, 
and we consider that for these the normal orbit of the last 
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Bohr-Grotrian diagram for spark spectra of the alkalme earth metals. 

added electron has k = x, and n greater by i than its value for the 
preceding inert gas. To determine the orbits for the flllfalinp 
earths we must consider the spark spectrum of these elements, 
as was explained in discussing Bohr’s general method. The 
spectrum of beryUium is not sufBLciently known to make its 
consideration easy : we therefore start with magnesium In 
the spectrum of Mgn the first S term is the largest, so that we 
assume the electron last added to the inert gas core to be most 
firmly bound in a 3i orbit. The P orbits also penetrate the 
core, but the D and F orbits are of the first Hnd, as shown by 
a consideration of Fig. 86 . With the spark qiectra of the 
higher homologues of magnesium, the S orbit is still alwa 5 ?s 
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the firmest bound. The P orbits always penetrate, and from 
calcram onwards the D orbits do the same, but the F orbits are 
always of the first kind. Estimates of the dimensions of the 
orbit show that with Srn the 4# orbit, although lying within the 
core neighbourhood, is less firmly bound than the 5i (but more 
firmly bound than the 52 orbit), since, in spite of the fact that 
it has a lower total quantum number, the small eccentriaty 
makes its approach to the nucleus much less dose than that of 
the 5i orbit. We diall see later that no 4* orbits are per- 
manently occujued for strontium. Similar considerations 
apply to the 53 orbits of barium. 

With all the alkaline earths, then, the first electron added to 
the inert gas form has an orbit for which k=i. Consideration 
of the arc q>ectrum shows that the second electron also has an 
orbit for which ^=1, so that for neutral magnesium, calcium, 
strontium, barium the last two electrons added have 3i, 41, 
5i and 61 orbits respectively. We assume by analogy that for 
beryllium the two electrons have 2 ^ orbits. 

To discuss the binding of the electrons for elements of Column 
III we require the spectrum of the doubly ionised atom, which 
is known only in the case of Aljjj. For tiris the S term is again 
the basic term, so that the first electron is bound m a 3i orbit. 
For Alji the basic term is also an S term. For Alj, however, 
the basic term is a P term. We are therefore led to beheve 
that the three outer electrons of neutral aluminium are, as far 
as two are concerned, in 3i orbits, while the third is in a 33 orbit. 

We have now considered the first three elements in the short 
periods. Fowler has shown that the basic term of the spectrum 
of Cji is a ^Pj term, and for Sin is also a ^Pj term. This is 
what we should expect if the first two electrons were bound m 
2i and 3i orbits respectively for the two elements, while the 
third electron went to a 2 g for carbon, a 33 for sihcon. Recent 
work indicates that for the neutral atom of carbon there are 
two 2i and two 2j electrons, and in neutral silicon two 3i and 
two 33 electrons. The little that is known of the elements 
of the higher columns will be mentioned later, and we now 
turn to the long periods. 

The Periodic System : Long Periods. In the first long penod, 
potassium to krypton, we have already discussed the first 
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two dements, which fall into line with the first two elements 
of the short periods. To deade upon the distribution of the 
outer electrons for the third element, scandium, we require to 
know the basic term of the spectrum of the doubly ionised 
atom, which gives us the binding of the first of the outer 
electrons. We have already pointed out that, as the nuclear 
charge is increased, the relative strength of binding of an 
electron in a 35 and in a 4i orbit varies, since increasing Z by i 
(without changing the nxunber of electrons) increases the 
strength of the field at points inside the L group, where the S 
orbit penetrates, by a comparatively small percentage, but at 
points nearer the surface, where the perihelion of the D orbit 
lies, by a very large percentage. Now the spectrum of Scm 
has not been directly analysed, but we can deduce something 
as to its behaviour by comparing the spectrum of Rj and of 
Caji, which are shown in Fig. 84 and Fig. 86 respectively. We 
see that, whereas with Kj the first D term is less than the first 
P term, with Can advanced to a value exceedmg the 

first P term, and only a little less than the first 5 term. It is 
to be presumed from this that a further increase of the nuclear 
charge by i would sufi&ce to make the D term the basic one, or, 
ia other words, that if to an atom consisting of a nucleus of 
charge 21, and 18 electrons arranged in neon form, be added a 
further electron, it will go to a 3s orbit^* in preference to a 41 
orbit. There are arguments to show that the next two 
electrons added go to 41 orbits, the effect of the one 3s electron 
bemg to weaken the external field For neutral scandimn, 
then, one electron is m a 33 and the other two are m 4i orbits t 

This bindmg of the nmeteenth electron of scandium m a 
38 orbit, although with the preceding elements 41 orbits have 
been already occupied, is typical of the radically new concep- 
tion mtroduced by Bohr. In it the modification of chemical 
properties found with the mterpolated elements enclosed m 
frames m Fig. 77 finds expression. Scandium is, it is true, 
positively trivalent, just as is aluminium, but it differs m 

♦ It must be the A —3 orbit which is vacant and most firmly bound ; this 
IS the 33 orbit. 

f All through the discussion in this section it may be helpful to refer to the 
table of orbits on p. 476, to which attention is accordmgly directed m 
advance. 
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certain respects from the elements on the left of Column III. 
In many ways it resembles the rare earths. Thus the double 
fllTrali sulphates of scandium, e.g. 3X2804 . Sc2(S04)3, differ 
from those of aluminium, e.g. K2SO4 . Al2(S04)8 . 24H2O, but 
are comparable with some of the double sulphates of the rare 
earth elements. Scandium resembles the cerium group in the 
insolubility of its double potassium sulphate m saturated 
potassium sulphate solution. Fmther, scandium platino- 
cyamde exists in two states of hydration, which are homologous 
with the correspondiug compounds of the cerium group, 
having 18 molecules of water, and of the terbium group, having 
21 molecules of water, respectively. In its carbonate, also, 
scandium resembles the rare earths rather than aluminium, 
This deviation from the aluminium type is to be expected if 
the three outer electrons are, as we have argued, bound m 
scandium in a somewhat different manner from that prevaihng 
with the tervalent elements of the short periods. 

The elements from scandium to nickel are all peculiar m 
possessing very markedly the property of variable valency. 
If their highest valencies are considered, the valencies run 
normally, exhibiting the same steady increase as in the short 
penods, up to manganese, which last, for example, has a 
valency of seven m Mna07 or KMn04. It has also, however, 
a valency of two in MnO, three in MngOg, four in MnOg and six 
m potassium manganate KaMn04. After manganese we have 
the well-known iron tnad — ^iron, cobalt and mckel — ^the 
elements of which have properties faUmg nght outside any- 
thing found in the short periods. The elements from titanium 
to mckel further possess properties which demonstrate the 
occurrence of a new feature m the structure . they all form 
coloured salts, and are all paramagnetic, while, as can be seen 
from Fig. 79, they all have very much the same atomic 
volume, the curve exhibiting a flattish mmimum in this first 
period of eighteen, which is not found m the groups of eight. 
Scandium, it is true, forms colourless salts, but since, when an 
electron is first bound in a 33 orbit, the strength of binding is 
but little greater than that m a 4^ orbit, it is not remarkable 
that the characteristic properties of the interpolated elements 
should not appear so markedly with the first element as they 
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do fu^er ^n. We shafl find, in general, that the element 
initiating or closing a group of interpolated elements has 
properties of both normal and mterpolated dements. 

Spectroscopic data, t hen , indicate that ynth scandium we 
be^ to build up a sub-group of dectrons having 33 orbits, 
which has no representative in potassium and calcium for 
reasons already given. Taking up the tale at titanium, we 
have to account for a duster of dements with chemical pro- 
perties not represented in the short periods. Ladenburg in 
1920 emphasised the existence of the interpolated dusters 
titanium-nickd (22-28), niobium-paUadium (41-46) and rare 
earths (58-71) with the foUowmg dements to platinum. 
Speaking in terms of the early theory in which the dectrons 
were arranged in spherical shells, one shell corresponding to 
each periodic group, he proposed to account for these dusters 
by the formation of “ intermediate shells ” of electrons 
{Zwischenschal^ , built up to completion as we pass from one 
end to the other of the mterpolated duster Bohr’s theory 
shows how such intermediate groups of electrons are to be 
expected in terms of orbits, owing to the different energies 
associated with orbits of the same n, but different k, and how 
spectral evidence can be invoked to show, for example, the 
point at which a 33 orbit would become more firmly bound 
than a 4i orbit. Bohr both extended the scope of the evidence, 
and mtroduced a general d5mamical, or empincaUy speaking, 
spectral cntenon which offered some gmde as to the inter- 
mediate groupmgs On Bohr’s theory we must suppose that 
from scandium to nickel a group of 33 orbits is bmlt up, and 
that the buifdmg up of this group is associated with the forma- 
tion of coloured salts and with paramagnetic properties. As 
regards the formation of coloured salts, this mdicates that 
withm the atom (which cannot, when formmg part of a solid 
compoimd or existing as an ion in solution, be exated by driv- 
mg an electron to a virtual orbit, as it can when in the gaseous 
state) transitions are possible which involve comparatively 
small changes of energy, correspondmg to visual frequencies 
When the 33 orbits are being filled in preference to the 4i 
orbits there is probably not a great difference of energy in the 
bmdmg for the two classes, since the greater energy of the 33 
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orbits is only a transitory affair. In other words, the balance 
between the 3 a and the 4i is fairly close, the 33 starting to over- 
come at scandium, and ceasing to be the stronger at nickel, 
after which the 4i rapidly increases in firmness of binding. 
Generally, therefore, we should expect transitions of small 
energy difference to be possible during the completion of the 
3g groups. Of course the outer electrons are involved in the 
chemical combination, so that the colour of different salts 
wiU be different, but the colour of the ion in solution is more 
or less fixed. The relatively shght difference in the closeness 
of binding between the two classes of electrons is also respon- 
sible for variable valency. As regards paramagnetism, this 
must be in some way associated with the internal asymmetry 
of the atom which appears while an internal group is being 
built up. With the first electron going to a 33 orbit a wound, 
so to speak, appears in the internal symmetry which continues 
until suffiaent electrons have been bound to heal the wound 
by formmg a symmetrical structure. 

When the scandium-nickel group is completed we come to 
copper, where we find both spectral and chemical evidence for 
a new stage in the structure. Chemically, there is a sudden 
decrease of valency after nickel, copper being monovalent m 
many compounds, such as CugO. It is placed in Column I 
with the alkali metals, although it has many important dif- 
ferences, forming, for instance, cupric salts in which it is di- 
valent, hke mckel. It also forms coloured salts It therefore 
has properties midway between nickel and the Column I 
elements, and shows that ambiguity which we Ijave already 
mentioned as charactenstic of elements at the beginning and 
end of mterpolated groups We may, perhaps, be allowed to 
call such elements ambiguous elements. The chemistry text- 
books seem to keep a discreet silence as to why copper is placed 
m Column I. The chief reason would appear to be that the 
following element, zinc, clearly belongs to Column II, so that, 
to make a symmetrical table, there seems nowhere else to put 
copper. Spectrally, copper is also peculiar ; it gives a doublet 
system, like the alkali metals, but it also gives a quartet 
system, as recently established by Beals, so that once more it 
only half belongs to Column I. In the doublet system the first 
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S term is the greatest. We believe that with copper the 3, 
sub-group is complete, with 10 electrons,* forming a complete 
core with 18 electrons of total quantum number 3 ; the 29th 
electron is in a 4i orbit. This would account for the spectral 
and chemical properties which copper shares with other elements 
of Ck)lumn I. the single privileged electron being responsible 
for them After the intermezzo, so to speak, we begin again 
on the same theme as at the beginning of the period. It is, 
however, reasonable to suppose that the 41 electron and the 
more loosely bound 33 electrons (supposing the 3, sub-group 
subdivided into grouplets of different firmness of binding) do 
not differ much in firmness of binding. The explanation of the 
fact that, although copper behaves similarly to the aiiraii 
metals in some respects, yet it also has a certain resemblance 
to the late interpolated elements, must be sought for along 
these lines. 

The copper ion is very small, much smaller than that of 
sodium or potassium, as may be gathered, without detailed 
discussion, from Fig. 79. (Other considerations lead to the 
same conclusion ) This has a remarkable result with regard 
to the pnncipal quantum number of the first P term. A 
circular 23 orbit will be completely clear of the core, in an 
approximately Coulombian field, and so be a possible virtual 
orbit Accordmgly we find for this term is nearly 2, as can 
be gathered from the table on page 444, or from Fig. 84. We 
may thus have, in the case of a small core, both real and 
virtual orbits of the same n The first D and F terms are, of 
course, represented by 33 and 44 orbits. 

As we take Z larger the relative firmness of binding of the 
deeply penetratmg 4i orbits, or even 4^ orbits, mcreases in 
comparison to the outlying 33 orbits, and the properties of the 
elements of the short period are more closely imitated. Thus 
zme IS positively divalent, and has no other valency, just hke 
calcium. The basic term of the Zuj spectrum is an S term. 
The basic term of the Gaj spectrum, on the other hand, is 
a P term. We conclude that, starting at copper, the building 
up of the n=4 orbits proceeds just as does the building up of 

♦ The number of electrons in each orbit is discussed hereafter, when the 
subdivision of the % orbits is in question. 



468 


STRUCTURE OF THE ATOM 


the «=2 orbits for the lithium period, or of the «=3 orbits 
for the sodium period. 

The following table of % orbits for the potassixim-krypton 
period embodies very recent results obtained by Hund from a 
detailed theory of complex spectra, which receives mention in 
Chapter XV. It will be seen that the 35 sub-group starts with 
scandium, and reaches its full and symmetrical completion 
with copper. Under each % value is tabulated the number 
of electrons m that class of orbit for the given element. 


SCHEME FOR ATOMS OF THE FIRST LONG PERIOD. 


Element* 

Values 
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2 a 

3 i 

3 s 

33 
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4 s 
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31 

Ga 


2 

2 
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b 

10 

2 

I 

30 

Kr 

- 

2 

2 

6 

2 

6 

10 

2 

6 


The general nature of Bohr’s interpretation of the long 
periods is expressed in the first long period which we have ]ust 
considered, and we can now pass over the remammg periods 
comparatively quickly. The spectra of neutral rubidium, 
neutral strontium, and ionised strontium show the same features 
as those of their lower homologues (cf Figs 84 and 86), and lead 
to the conclusion that the first two electrons of the new 0 group 
are bound in 5i*orbits, while the first electron of yttrium is bound 
in an orbit of lower n, namely a 43 orbit. The interpolated 
elements from yttnum to palladium, which correspond element 
for element so closely to the scandium-mckel group (cf Fig. 
77), are mterpreted as accompanymg the buildmg up of the 
48 sub-group to a total of ro electrons, just as the interpolated 
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elements of the first long period are represented by a building 
up of the 33 sub-group. We again have paramagnetism and 
coloured salts as soon as the 43 sub-g;roup is established. 
When we come to the first element following the inteipolated 
group, namely silver, we find a closer correspondence to the 
alkah metals than we do in the case of copper in the period 
bdEore. Spectroscopic and chemical properties agree on this 
point in a remarkable way. Silver is strictly monovalent ; it 
does not form argentous and argentic salts, Sunilarly its 
spectrum consists of a doublet system only, no quartet system 
having yet been establidted. If the S terms be omitted, the 
spectral terms of silver have the same n, and nearly the same 
as those of hthium : the S terms have much higher n for silver 
than for hthium (first S term for silver is 5i, for lithium 2^), 
and also markedly greater (cf Fig. 84). It may be noted 
that hthium metal decomposes water much more slowly than 
sodium, while silver does not decompose water at all, a fact 
which may be a chemical expression of this feature of the 
structure. In other chemical properties in which it differs from 
the other alkali metals lithium resembles silver. Silver has, 
however, well-known chemical analogies to copper, and is 
therefore placed under copper in the periodic table, the three 
“ comage metals ” being always grouped together. The ele- 
ments from cadmium to xenon correspond closely to those from 
zinc to krypton, and are represented m the model by the com- 
pletion of the 5i and 52 sub-groups to 2 and 6 electrons 
respectively 

When we come to the period of 32, caesium to radon, which 
contams the rare earths, new features appear. With xenon 
we have three completed groups — ^the K, L and M groups — 
and two incompleted groups . the N group, m which all the 
4i, 42 and 43, but no 44, orbits are occupied , and the 0 group, 
in which all the 5i and 52 orbits are occupied. By analogy 
with the other periods we anticipate that with caesium and 
barium, which are chemically and spectrally completely 
analogous to sodium and magnesium, the first two electrons 
of the new period are bound m bj orbits, belonging to the 
P group. There exists the possibility of two interpolated 
assemblages, corresponding to the further building up of the 
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N and 0 groups, and this in fact is what we find. The 
f^hAmira.1 properties of lanthanum indicate that a further 
development of an inner group begins with this element. 
Lanthanum resembles calcium and magnesiu,m in many general 
properties; for instance, lanthanum hydroxide has all the 
properties of calcium hydroxide, and is a stronger base than 
the other rare earth hydroxides. On the other hand, lanthanum 
agrees with the other rare earths in many ways : the heat of 
formation of its oxide is particularly high, and its oxalate is 
soluble with difficulty in mineral acids, to mention two typical 
rare earth properties. According to Bohr’s scheme (Fig. 77) 
lanthanum, however, is not grouped with the other rare earths, 
cerium to lutecium. A discussion of this point would take us 
into a detailed chemical description of the element, without 
any very decisive result, for lanthanum is certainly very like 
cerium in many respects. However, the two elements differ 
in respect of certain oxide properties : for instance, LagOg can 
be made by ignitmg the hydroxide, mtrate, oxalate or carbonate, 
while CegOg cannot be made by this method; and, further, 
while lanthanum only forms this one definite oxide, cenum 
forms CeOg and possibly other oxides.* Lanthanum stands 
alone m that aU the rare earths, except lanthanum, give 
sulphates crystaUismg with 8 molecules of water. On Bohr’s 
view the fifty-fifth electron added to the lanthanum nucleus is 
bound in a 58 orbit, thus mitiating the 53 sub-group. With 
cenum, however, the last bound electron goes to a 44 orbit, 
and the group of rare earths from cerium to lutecium corre- 
sponds to a building up of the 44 sub-group to a total of fourteen 
electrons. All these rare earths form coloured salts f and have 
high paramagnetism : lanthanum forms colourless salts and is 
feebly, if at all, paramagnetic. 

The binding of the 44 electron with cenum seems reasonable 
Addmg the fifty-fifth electron to a xenon-like structure about 
a nucleus of Z =58, we have an external field which is relatively 
strong, and, owing to the small size of the core, a 44 orbit will 
lie comfortably clear of it. The N group is completed to a 

* Qmte generally lanthanum forms only one senes of salts, wlule cenum 
gives nse to cenc and cerous salts. 

t Ce“^ salts are colourless, but salts are coloured, yellow to red. 
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total of thirty-two electrons with lutedum,* which should 
therefore, if the »j, interpretation of the periodic system be 
correct, dose the rare earth group. This completion of the 
rare earths with Z=yx, first deduced by Bohr, is a very impor- 
tant point, which led to the discovery, announced in 1923, of the 
element hafnium. The very feeble paramagnetism of lutedum 
might, in any case, have led to a suspidon that the rare earths 
dosed with this element : it is a fiuther confirmation of Bohr’s 
theory. 

Once the N group is completed we must suppose, in order to 
account for the ch em ical analogy between tantalum, niobium 
(columbium) and vanadium (which form respectively tantalates, 
columbates and vanadates, and tantalic, columbic and vanadic 
aads) that the building up of the 53 orbits is in progress, just 
as for the homologous elements the occupation of the 33 or 4* 
orbits occurs. In accordance with chemical analogies sum- 
marised in the periodic table, from tantalum to platinum we 
add successive electrons in 53 orbits, until with platmum 
(Z=78) we have ten electrons m such orbits There is only 
general chemical evidence for this. When we reach gold 
(Z=79) we have an element exhibiting certain analogies with 
the other comage metals, silver and copper, which have already 
been discussed However, besides the monovalent compounds, 
such as AuCl, gold forms compounds in which it is trivalent, 
such as AUCI3, so that the Column I properties are not so 
marked with gold as with silver. In fact, were it not for the 
behaviour of the succeeding elements, the evidence for putting 
gold m Column I would be shght : it is one of the ambiguous 
elements. The analysis of the Auj spectrum recently made by 
McLennan and McLay indicates that with gold we have a 
single outer electron in a Sj orbit The gold ion is about the 
same size as the silver ion, so that we may expect P terms 
with an effective quantum number not differmg much from 2, 
and D and F terms with effective quantum numbers 3 and 4. 
The mercury and tha-llimri spectra, to discuss which would 
occupy too much space, indicate that with mercury the last 

* In Bolir's ongmal diagram the frame stops below ytterbium The evidence 
seems to show, however, that it should mclude lutecium, and m Fig. 77 it has, 
accordingly, been so shown. 
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two electrons are bound m 6 ^ orbits, while with thallium the 
additional electron is in a 63 orbit. Then follow elements about 
which too little is known to allow a definite allocation of orbits. 
The period concludes with radon, with an outer group of two 
electrons in 6 ^ orbits and six in 6 g orbits, an arrangement 
analogous to that of the other inert gases. 

A word may be said as to the periodic table, printed on page 
426, which, with slight difiEerences, is given in the standard 
text-books of chemistry. In these text-books the more 
obvious chemical analogies, such as those existing between the 
various halogens, are stressed, but very httle is done m the way 
of discussmg the reasons for the placmg of less obvious elements 
in their columns. The fact is that, when all the chemical 
properties are considered, the arguments are often far from 
conclusive for a given element. In such cases it is only by 
considering the neighbouring elements that a place can be 
allotted. Elements in one column, but on different sides, such 
as copper and potassium, are often markedly unhke, while even 
elements on the same side of a column, as copper and silver, 
axe often dissimilar. 

Ther table has, of course, been presented in many forms, 
differing more or less from that prmted at the begmnmg 
of the chapter, for each of which advantages are claimed. 
One that appears to the writer to have points of interest 
is given as an example on the opposite page. The general 
scheme is due to Rydberg ; slight modifications have been 
mtroduced to bnng it into conformity with modern views. 
Each column contains, in general, two vertical series of elements, 
placed to the left hand and the right hand respectively. The 
maximum positive valency of the one series added to the 
maxitnum positive valency of the other series gives 8 as a 
consequence of Abegg’s rule, elements which have negative 
valencies have a maximum negative valency equal m magnitude 
to the maximum positive valency of the other series m the same 
column The elements in a period run across the table from 
left to right until the mid element is reached, when they double 
back on themselves and run from right to left This method 
of representation stresses the important point that the inert 
gases are turning-points, separating electronegative from electro- 
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positive elements • it also throws into relief the peculiar position 
of carbon and sUicon, which have no chemical analogues. ‘ It 
emphasises Abegg’s law, and is particularly suited to be con- 
sidered in conjunction with Fig. 78. The uniform spacing of 
the elements in columns agrees better with the spectroscopic 
evidence than the bunching together of the triad elements in 
Column VIII in the usual table, as a protest against which we 
divided Column VIII into three. While, however, the law of 
alternation of odd and even multiplicities demands a regular 
progression of the elements in the middle of the long periods it 
seems to demand a turning-point at manganese, which the table 
does not diow. The elements to the right and to the left in 
one column have, in this form of table, no chemical analogies 
to one another, and this is, in a way, an advantage, since the 
attempt to trace chemical analogies between the nght and left 
hand divisions in the column in Mendeldeff 's table has been the 
cause of much confusion. 

The table just described does not, of course, any more than 
any of the other forms, overcome the general difficulties, such 
as the fact that the first (uppermost) element m a column is 
not the typical element. This must be of fundamental struc- 
tural significance. In fact, in all its forms the periodic table 
is generally represented as expressing regularities of chemical 
behaviour to an extent which actually it fails to achieve * 
Rather, it is a bridge to knowledge consisting of a senes of 
spans whose ends rest firmly upon the alkali metals and the 
inert gases , the superficial resemblance of the spans to one 


* Occasionally, however, a chemist, irritated by the imperfection of the 
table, has rebelled against it altogether, and gone to the length of denying its 
value. Thus two French chemists, Wyroubolf and Vcrncuil, reject con- 
siderations based on the penodic classification, which they accuse of being a 
metaphysical (rather than a physical) conception Supporting the divalence 
of the rare earths as against the trivalence they write (Ann dc Chtm et de 
Phys.t 6, 466, 1905), " Parmi les arguments presentes jusqu’ici, en bien petit 
nombre d'atlleuTS, celui qui dans I’esprit des partisans de la trivalence domine 
de beaucoup tous les autres, est d*ordfe purement mitaphysique, e’est Texigence 
du systSme pdnodique qm n'a de place pour les terres rares que si elles con- 
sentent ^ devemr des sesquioxides .... II a fallu recourir ^ toutes sortes 
d'artifices . . , e'est k dire k des hypotheses qui ne sont meme plus dc la m6ta- 
physique, et appartiennent au domains de la fantaisie pure, sur lequel la science 
exacts n'a aucune pnse " 

Tani de fi el entre-U%l dans Vdme des dSvots ^ 
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another often conceals special structural features dictated by 
local stresses of which we can see nothing. 

The general scheme of Wj orbits is given in the table on the 
following page, which may be supplemented by Hund's recent 
table for the first long group, given on page 468. Reference 
should also be made to the table constructed by Mrl-finnaTi j 
McLay, and Smith, given in Appendix V., which appeared too 
late to be discussed in the body of the book. In Bohr’s original 
scheme, which first indicated the origin of the interpolated 
elements, and the meaning of the spectra in terms of orbits, 
the distnbution was somewhat different, in that, once a group 
was completed, the same number of electrons were supposed to 
exist in each class of orbit — ^thus the completed L group con- 
sisted of four electrons in 2^ and four electrons m 2 ^ orbits ; 
the complete M group consisted of six electrons in each class of 
orbit for which m= 3, viz. 3i, 32, 33 ; the completed N group 
contained eight electrons in each class of orbits for which «=4. 
The work of Stoner and Mam Smith, discussed later in con- 
nection with the subdivision of the sub-groups, has, however, 
indicated the distribution here given, which is now in a fair 
way to being generally accepted. 

The folding sheet at the end of the volume * gives schematic 
diagrams of the structure of certain atoms, prepared by 
Kramers in accordance with Bohr’s views. These show the 
old idea of electronic distnbution, with equal numbers of 
electrons in, eg., 3i, 32 and 33 orbits when the M group is 
completed. Although this is now discredited, the diagram 
retains much of its interest, as showmg the mterpenetration 
of the orbits, the structure of elements of Column I as regards 
the pnvileged orbits, the approximate dimensions of the outer 
orbit as compared with the core, and other general features. 

The Missuig Elements. In order to discuss the most spec- 
tacular triumph of this scheme of Bohr’s, we may digress for 
a moment to consider the discovery m 1922 of the element 
Z=y2, hitherto unknown. Previously to Bohr’s discussion of 
the penodic table, it had been assumed that this element must 
be a rare earth, to which is due the somewhat involved con- 

* Inserted by kind permission of Messrs. Gyldendal, the publishers of The 
Atom, by Kramers and Holst. 
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troversy which c^tred about the discovery. The situatiou is 
now tolerably clear, and a short summary may not come amiss. 

According to Bohr’s argument, the rare earths end at Z=7i, 
lutecium. The naming of this element itself has been a subject 
of controversy. In 1878 Marignac isolated a substance which 
he considered to be an element of rare earth nature : he named 
it ytterbium, after Ytterby in Sweden, where gadohnite ♦ is 
found. Auer von Welsbach succeeded in 1905 in proving that 
this reputed element was really a mixture of two elementary 
rare earths, to which he later gave the na.TneR aldebaranium 
and cassiopeium In 1907 Urbain published an investigation 
of these two earths, containing particulars of their optical 
spectra, and proposed the names neo-5rtterbium and lutecium. 
The “ neo ” was afterwards dropped, and the elements are 
to-day usually known as ytterbium (^=70) and lutecium 
(Z=7i) In 1911, as a result of further mvestigation of his 
specimens, Urbain announced the discovery of a further rare 
earth, which he named celtium. He attributed to it a group 
of unknown lines m the optical spectrum This celtium pre- 
paration was mvestigated in 1914, m the course of his X-ray 
researches, by Moseley, who pronounced it to be a mixture of 
known earths, and not a new element. 

It bemg clearly established that there was a missmg element 
at X=72, and the suspicion bemg that this must be a rare 
earth, it was held by Urbain and his supporters that celtium 
was, in fact, this element, and in some periodic tables it actually 
appears as Ct in the Column IV Moseley’s result was attn- 
buted to imperfect technique. In 1922 Dauvilher, an expert 
in X-ray technique, announced that he found with Urbain’s 
preparation not only the charactenstic X-ray hnes of the 
elements 70 and 71, and a few weak hnes of 69, but also two 
extremely weak hnes attributed to 72 The French school 
held accordmgly that Urbam’s celtium with its optical hnes 
was established as the unknown element 72. 

About this time, Bohr’s theory, of which a short account has 
just been given, led to the definite conclusion that 72, instead 
of being a rare earth, must be an analogue of zirconium, and 

■*' A mineral containing various rare eartlis named in its turn after the 
Finnish chemist, Gadohn, 
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so suggested a radically different method of search for the 
missing element. Coster and Hevesy undertook an mvestiga- 
tion based on the new conception m Bohr’s Institute in Copen- 
hagen. With the first specimens of zirconium investigated 
with the X-ray spectrograph they were able to establish the 
presence of two hnes exactly in the position which interpolation 
from known spectra would mdicate for La^ and La^ of 72. 
They then undertook a chemical separation of the new element 
from zirconium, which Hevesy calls “ un des probl6mes les 
plus ardus de la chimie inorganique,” making use of the 
intensity of the X-ray lines to obtain an estimate of the con- 
centration of element 72 at various stages of the process of 
isolation. They adopted the ingemous process of mixing 
known quantities of tantalum (-^=73) with their specimens, 
and finding what percentage of tantalum was required to give 
equal intensity of selected lines of the X-ray spectrum of 72 
and of tantalum. In this way a quantitative analysis was 
performed without chemical mampulation, a fact which is 
mentioned here to draw attention to the power of the X-ray 
method. After having prepared a specimen of zirconium 
which gave no trace of the hnes attnbutable to 72, while the 
concentrated preparation of the new element gave such hnes 
very strongly. Coster and Hevesy definitely claimed the 
discovery of a new element, which they named Hafnium, after 
the old Latin name for Copenhagen, Hafnia. Bohron might 
have been an appropriate name, but would be hable to con- 
fusion with Z=$. 

Since then extensive mvestigations of the chemical and 
physical properties of hafnium have been carried out, and 
specimens sufficiently pure for atomic weight determination 
have been prepared, the best value for the atomic weight 
bemg 178-6. It is mterestmg to note that, smce aU ordinary 
zirconium preparations contam hafnium, determinations of the 
atomic weight which take no account of this fact must, if 
carried out correctly, give values which are too high. It so 
happens that all the determinations previous to that of Venable 
and BeU gave values which were too low (about 90-6), owmg to 
defective methods. Venable and Bell in 1917 found, using 
modem juinaples, the value 91-76. Hevesy found a hafmum 
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content varying between 7 and 1 per cent, in Venable and 
Bell’s samples, aUowmg for which the atomic weight of 
zurconium reduces to 91-3. This agrees excellently with 
Honigschmidt and Zmtl’s value obtained since the discovery 
of hafnium, namely 91*25. 

It is estimated that hafnium forms nearly -ooi per cent, of 
the earth’s crust, which may be compared with the estimate 
•005 per cent, for nickel. Its terrestrial occurrence is probably 
about the same as that of lithium and copper, and much greater 
than that of silver and gold. In zirconium minerals the ratio 
of hafnium dioxide to zirconium dioxide varies from 5 per 
cent, (thortveitite) to *7 per cent, (favas), Hevesy giving the 
mean as about 3 per cent. It is therefore asto nishing that 
hafnium was not discovered as a result of systematic atomic 
weight determinations, as was argon. Argon in the atmosphere 
is about 1*9 per cent, by weight of its associated mtrogen It 
is remarkable that these two common elements were both 
discovered by physical methods, owing to their cheimcal 
similarity to elements with which they co-exist. 

The claims of the French school that Dauvilher’s hnes were 
actually due to a trace of hafnium, and that therefore Urbam’s 
preparations contained hafnium, and that therefore hafmum is 
really celtium, can scarcely be upheld Coster and Hevesy have 
shown that the relative intensities of the hnes detected by 
Dauvillier are zill against their hafmum origm, and the fact 
that the preparations had been carefully freed from zirconium 
by ordinary chemical methods renders it practically certam 
that all hafmum had been removed. In any case, as Paneth 
has emphasised, the observation of two very feeble X-ray 
hnes, wrongly attributed to a non-existent rare earth, can 
scarcely rank as the discovery of an element. If we have 
discussed rather more fully than is perhaps justified by the 
scope of this chapter the discovery of hafnium it is because, m 
view of the confusion that has existed, and the fact that 
nothmg is yet to be found on the subject m Enghsh text-books, 
it seemed that this bnef exposition might be of mterest. 

A word on the subject of the other imssmg elements may be 
inserted here, although their discovery has not the interest 
associated with the hafnium investigations for the immediate 
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subject of discussion, i.e. the explanation of the penodic table 
in terms of electronic orbits. The elements in question are 
those of atomic number 43, 61, 75, 85 and 87 (and all for which 
the atomic number exceeds 92). Of these, 43 and 75 fall imder 
manganese in the periodic table, and should be homologues of 
this metal : their existence was predicted by Mendeldeff, who 
named them eka-manganese and dwi-manganese, the prefixes 
being Sanskrit numerals indicating first and second.* 61 is a 
rare earth, 85 is a homologue of iodine (eka-iodine), and 87 is a 
homologue of caesium (eka-caesium). 

The discovery of the eka-manganeses was announced m 
1925 by Noddack and Tacke, and by Berg and Tacke, the 
former pair having carried out the chemical work, and the 
latter pair the X-ray spectrographic work, upon which reliance 
was placed for the identification. W. Hausser, m whose 
laboratory in the Siemens and Halske concern the latter part 
of the work wds carried out, seems to have initiated the 
investigation. The mvestigators decided on grounds of general 
chemical analogy with neighbouring elements that both eka- 
manganeses would be foimd together and that platinum ore, 
which contams a collection of neighbourmg elements (atomic 
numbers 24 to 29, 44 to 47, and 76 to 79), would offer a likely 
source, while colombite, which contains a different set of 
neighbouring elements, might be another. Suitable chenucal 
methods were employed to concentrate elements of the pro- 
perties to be antiapated in the eka-manganeses, colombite 
being used, as a supply of platmum ore originally accessible was 
lost. A content of the new elements m the neighbourhood of 
I per cent, was antiapated m the final preparations, and the 
X-ray method of identification was adopted. The substance 
was mixed with a niobimn compound (mobic aad) to give 
standard lines for comparison The identifications of 43 and 
75 appear to be satisfactory. The mvestigators suggested the 
names Masurium (Ma) for 43 and Rhenium (Re) for 75, after 
the Masunan district of East Prussia and the German Rhine 
respectively. The elements are showmg a strong sense of 
nationality. Since then Dolejsek and He3n:ovsky claim to 

* For convenience the two are often referred to together as the eka- 
manganeses. 
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have identified 75 in manganese salts by electrolytic methods, 
and have isolated by electrol3rtic means a substance which 
they have identified by X-rays as 75.* 

Quite recently (June 1926) J. H. Harris, L. F, Yntema and 
B. S. Hopkins have announced the discovery of the rare earth 
61, to which they have given the name Illinium, smce it was 
discovered at the University of lUmois. The number 61 falls 
in the so-called cerium group of the rare earths, distinguished 
from the other, or yttrium, group by many properties, among 
which the solubility of the double potassium sulphates may be 
cited. Monazite sands were selected for the mvestigation : 
they contain a predominance of elements of the cerium group, 
and are, in fact, used in commerce for the preparation of 
cenum products for gas mantles. The presence of the new 
element, concentrated by re-crystallisation of a bromate 
preparation rich m neodymium, was progressively traced by 
the optical absorption spectrum of the solutions. The proof of 
the presence of 61 in the final fractions was delivered by the 
X-ray spectrum. It appears that illimum, for which the 
symbol II is proposed, is present in very smaU quantities even 
m rare earth mmerals. 

X-Ray Periodicities. Although the frequency of the X-ray 
lines shows no perceptible penodic properties when plotted 
against Z, valuable evidence as to the building up of groups 
and sub-groups can be drawn from X-ray results, by considering 
the term values. Bohr and Coster, after a careful analysis of 
all available X-ray results, both emission lines and absorption 
lines being studied, plotted 4 ^ against Z (i- being the wave- 
number of a given term) for the vanous levels K ; Ly in, 
ijn ; My Jkfn. My, and so on. The results are 

shown in Figs 87 md 88, Fig 88 bemg the nght-hand lower 
portion of Fig. 86 shown on a larger scale. It will be seen at 
once that, while the K curve has the approximately straight 
line form demanded by Moseley’s law for X-ray hne values. 


• Druce has prepared from crude manganese sulphate a sample which he 
riflima to be nch in 75. Lonng and Druce have pushed the X-ray metlwd 
to, and slightly beyond, the hmit, having asserted the presence of 75, »5, 
87 and 03 m their preparation from Lnes on X-ray plates without near coi^ 
pMSon hnes, and they still have some hnes m hand. This discovery awaits 
confimiation. 


ASA* 
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fJvjR for X-ray terms plotted against atomic number. (Part of 
Fig, 87 enlarged.) 
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the other curves all exhibit abrupt changes of direction at 
certain points. These discontinuities of direction obviously 
mark certain stages in the building up of the atom : their 
significance will now be somewhat more closely discussed. 

In Chapter XIII. we referred to the screening produced, by 
the outer electrons, i.e. those less firmly bound than the 
electrons of the particular level whose energy is in question, 
and expressed the effect, to a first approximation, by an outer 
screening constant » being the principal quantum number 

of the screened group. Considering the outer screening constant 
as an expression of the increased firmness of binding of the 
outer electrons consequent on the removal of an electron from 
the level, we see that the electrons in the level immediately 
above are mainly concerned in the outer screening: 
electrons far out can have little effect, since in any case their 
energy of binding is relatively small, so that the change in it 
must also be small. It follows that when a level just above the 
level is being built up, the outer screening constant is 
increasing rapidly, so that the slope of the curve exhibiting 
the change of term energy with Z for the given level must be 
relatively small. When the level in question is completed, 
and the next electrons go to a level of higher n, the rate of 
increase of the outer screening constant becomes suddenly 
smaller, and the slope of the curve should increase. We 
expect, then, that, on a JvjR against Z curve, a region in 
which there is a smaller slope, inserted between two regions 
where the slope is larger, should correspond to the building up 
of an internal, or interpolated, family. 

Such regions of smaller slope are indicated in Figs. 87 and 88 
as follows • 

R^ons of small dope. Curves indicating region. 

Z=2I to Z =29 Z.„ 

Z =39 to Z =47 Nj, all M levels 

Z^$T Z = circa 71 Oj, On, m, all N levels and M levels 

21 to 29 * is the region in which the interpolated group of 
elements scandium to nickel is built up in the potassium- 

* In all cases the last naaned value of Z, at which the change of slope occurs, 
may be considered to belong to the region of greater slope, and so to the next 
level, and not to the interpolated level. 
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krypton period : the new orbits belong to Afjy and My, and 
the most marked effect would be expected in the immediately 
precedmg levels M■^, ilfm, with a smaller effect m the L levels, 



Fig 89. 

for X-ray terms plotted against atomic numbers, for region Z =50 
toZ-74 


as IS seen to be the case (Fig. 87). 39 to 47 is the region of 

the interpolated yttrium-palladium group, the corresponding 
new levels being Njy and Ny. 57 7^ ^ lanthanum- 

lutecium family, new levels Nyi and Nyjj being built up. 
(The interpolated groups are indicated in Figs. 87 and 88 by 
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horizontal lines just under the Z axis.) The begiiming of the 
interpolated group at 2’= 57 is particularly plainly shown in 
the Oj and Onm levels, and also very well in the iNTj to 
levels. The termination of the group is not so plainly shown 
in Fig. 88. 

Recently, however, Nishina, as a result of measurements of 
the L absorption spectra, has obtained values of the different 
energy levels in the region from Sn{Z =50) to W{Z =74), which 
are more accurate than those hitherto available. In particular 
he has provided values for the N-^ and iVyu levels, resolved 
separately, in the region .^=66 to .2'= 74, where they are only 
guessed m Fig. 88, and the corresponding curves show a very 
sharp change of direction at Z =71, marking the end of the rare 
earth family. Nishma’s results are exhibited m Fig. 89. The 
behaviour of the other N curves, and the two 0 curves, m the 
neighbourhood of 2=57 is also instructive. On the whole, 
then, the X-ray level diagram gives strong evidence for mter- 
polated levels just in the region where Bohr originally deduced 
them. 

Interestmg, but less prease, results can be obtained by 
notmg the lowest value of Z for which a given Ime, and hence 
level, occurs, and comparing with the value of Z for which the 
level in question is, theoretically, first to be expected The 
method is very rough, since it is difficult to say when a line 
first appears ; as Z is dimmished a given hnc becomes very 
faint before it actually disappears According to Coster and 
Hjalmar, L lines mvolvmg the iV^y and Ny levels can be traced 
down as far as Z=4o, while L hnes involvmg 0 -^ and Om 
levels can be traced as far as 49. Accordmg to our scheme, 
48 electrons first appear at 39, and 52 electrons at 49, which is 
m good agreement. Generally lines first appear perceptibly at 
a stage when, accordmg to our scheme, the level has already 
been estabhshed for some few elements. 

The Subdivision of ihe Sub-groups. So far we have con- 
sidered only orbits. In discussmg the X-ray spectra, 
however, we have seen that orbits will not suffice to give the 
observed number of levels, which are (taking K, L, M, N levels 
in order) 1, 3, 5, 7, instead of i, 2, 3, 4. Each of these levds 
must be supposed to be represented by a certain number 
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of electrons. We have also seen that the levels may be repre- 
sented by allottmg two subsidiary quantum numbers k-^ and k^ 
in place of the single k, the scheme being shown in the following 
table : 


Level 

K 

Li Lii Liii 

jZI^ 

Ni Nil Nm Niy Ny Nyi Nyh 

Quantum 

numbers 


ii 

*11 *S1 ^ss 

3ll 321 322 382 3 s8 

4ii 4«i 4>* 481 488 4*8 4*4 

Optical ' 
doublet 
terms J 

1 


2*Si2»Pi2>Pj 


4»Si 4‘i>i 4*^8 4*^8 4‘D, 4*F, 4*i^4 


Our task is now to decide how many electrons execute orbits 
belonging to each of these levels, which wiU, of course, mddent- 
ally tell us how many electrons occupy each % sub-group, 
since k is the first of the two subsidiary quantum numbers. 
For example, if the number of 332 electrons is found to be a, 
the number of 333 electrons b, then we may say that there are 
a + b electrons m the 33 sub-group. We have called the 
electrons of the same n a group, and the electrons of the same 
n and k a sub-group we shall call electrons belongmg to a 
given energy level, say ikfm, a grouplet For electrons of a 
grouplet n, k-y, k^ all have the same value. 

The answer to the problem which at present holds the field 
was given in 1924 by Stoner and by Mam Smith independently, 
the former approaching the problem from the physical, mainly 
spectral, point of view, the latter reljnng on chemical argu- 
ments. It is satisfactory that such different methods of 
attack should have led to the same result. 

Considenng the optical terms, the second subsidiary quantum 
number is the inner quantum number j already mentioned, 
which IS usually taken as givmg the moment of momentum of 
the atom as a whole. The anomalous Zeeman effect gives the 
number of possible different energy states of the atom m a 
weak magnetic field, i e. the number of different positions, 
detenmned by space quantisation, of the moment axis of the 
atom m a magnetic held This number is found to be equal 
to zj. These facts are discussed m Chapter XV.,* whi^ we 
must antiapate here. We may say that 2; gives the statistical 

* The question of haU-odd-mteger values of j, which need not trouble us 
here, is there discussed 
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weight of the state represented by the orbit. Stoner 
proposed to interpret this experimental fact by making the 
•hypothesis that, for a given grouplet specified by j (for which 
there are aj possible orbits when the degeneracy is removed 
by a magnetic field) there are 2^ different electrons when it is 
completed, or, in other words, dectrons can be allotted to the 
grouplet imtil every possible orbit, revealed by the magnetic 
fidd, has an dectron. When this stage has been reached the 
grouplet is complete, and the atom possesses a structure 
having a high degree of symmetry. 

If we extend this idea to the real, as distinct from the virtual, 
orbit, we must suppose that each grouplet possesses, when 
completed, dectrons to the number 2*2- Thus the number of 
dectrons m each completed levd will be given by the bottom 
line in the following table, obtained by multiplying the second 
suffix by 2. 


K 






Mru 

Mpf 

My 

Nx 


Nni 

N,y 

Ny 


Nya 

111 

2ii 

^21 

^22 

3ii 

321 

322 

332 

383 

4ii 

421 

422 

432 

4jj 

4ia 

441 

2 

2 

2 

4 

2 

2 

4 

4 

6 

2 

2 

4 

4 

6 

0 

8 


On this scheme the 2«® electrons which exist in a completed 
group will be sub-divided into grouplets m a way repre- 
sented by the formula : 

2«* =2 +2 +4 -1-4+ . . + 2(« -l) •+ 2(11 -1) + 271 

= 2 { 2-|-4 + 6 + . . . + 2 (» - l )} + 2 «, 

where n takes the value 1, 2, 3 . for the K,L,M . .. group. 

In the % scheme as originally put forward by Bohr, desenbed 
in earlier editions of this book, the number of electrons in 
each orbit of a completed group was zn, there being n dif- 
ferent values of k, making zrfi dectrons in all For example, 
take the N group. On Stoner’s scheme the 4^ orbit has 
2 dectrons; the 4g orbit 2-F4=6 dectrons; the 43 orbits 
4+6=10 dectrons ; the 44 orbit 6 + 8 = 14 dectrons ; makmg 
32 electrons in all. On Bohr’s original scheme, the 41, 42, 43, 

• The completion of z. K, L, M ... group does not represent the completion 
of a penod in the periodic table, since for the rare gases (omitting helium and 
neon) the last group, although possessing a high degree of S3nmmetry, is never 
complete, one or more sub-groups being vacant. Cf. table on page 476. 
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44 orbits each had 8 electrons when the group is complete, 
maMng 32 electrons as before. There is little doubt that the 
Stoner — ^Main Smith scheme gives a better representation of 
fact. 

It is important to note that on the older schemes the outer- 
most sub-groups reached a temporary stability, or partial 
degree of completion, with each inert gas, only to be built up 
further at a certain stage in the development of the next 
period. Thus the argon atom was supposed by Bohr to have 
4 electrons each in the 3i and 32 sub-groups, this arrangement 
bemg very stable, but somewhere between titanium and copper 
two electrons each were added to these sub-groups, so that 
with krypton there were 6 electrons each in the 3i, 32 and 
33 sub-groups. In other words, the already stable 3i and 3a 
sub-groups had to be reopened, so to speak, at a later stage of 
the building up so as to admit 2 further electrons. Similarly 
the 4i and 42 sub-groups were stable with 4 electrons each m 
krypton, reached a second stable state with 6 electrons each 
in tlie rubidium-xenon period and a third stable state with 
8 electrons each m the caesium-radon period. On Stoner’s 
view a grouplet, once dosed, is never reopened, further develop- 
ments takmg place by the addition of electrons to new 
grouplets. Instead of the 10 electrons added to the «=3 
group between caldum and copper gomg 2 each to the 3^ and 
32 sub-group, and 6 to the 33 sub-group, the 3i and 32 sub- 
groups remain dosed with 2 and 6 electrons respectively, as in 
argon, and the 10 electrons go to the 33 sub-group — 4. to the 
332 grouplet, and 6 to the 333 grouplet The unpleasant 
tampenng with an already dosed sub-group is avoided. 

Support for the 2, 2, 4 arrangement in the L group can be 
deduced from the X-ray spectra. In the first place we may 
consider the relative intensities of X-ray lines of the same 
series If we select for discussion lines arising from transitions 
from different sub-levels of one group to the same final sub-level 
of another group, then, on the considerations of equal weight 
underl3ung Stoner’s argument, we should expect the intensities 
of the lines to be proportional to the number of electrons in the 
imtiRl sub-level considered. Complications due to mtervening 
groups are avoided if we restrict ourselves to transitions 
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between adjacent main levels. Thus, taking the simplest case 
of Ka lines, due to switches from L sub-levels to the K level, 
we compare the intensity of Ka^ with that of 

Kai{Lj^-*K), which is one of the very few cases where reliable 
measurements of X-ray line-intensities are available. For a 
range of metals in different periods and different columns 
(iron, copper, zinc, molybdenum, tungsten) it is found that the 
ratio of intensities of Ka^ to Kctx is the same in all cases, and 
has the value -5 within experimental error. This is mterpreted 
to mean that there are twice as many electrons in the Xm 
sub-level as in the Xn sub-level, no matter what the value of 
Z may be, which agrees with the attribution of 4 electrons to 
Xjjj, 2 to Xji, once the X group is completed. 

Some interesting considerations based by L. de Broglie on 
X-ray absorption measurements have led to a similar result. 
This investigator, by applying considerations of thermo- 
dynamic equilibrium to the problem of absorption of X-rays, 
and making certain subsidiary assumptions for which justifica- 
tion is sought in empincal results, has calculated a theoretical 
expression for the absorption coefficient for a given v. Each 
band is considered to pertain to an atomic absorption whose 
mtensity varies as the cube of the wave-length (in accordance 
with the law of W. H. Bragg and Peirce) up to the edge of 
the band where the absorption discontinuity takes place, and 
the absorption suffered by a radiation of a given v is due to the 
superposition of all bands whose edge is of frequency less 
than V. The formula obtamed is 

atomic absorption _ pS]nv^, 

^ p c^m Y 

where A is the atomic mass, t the absorption coefficient in 
question . is the number of electrons in a completed grouplet 
of energy hv^, and the summation is extended to all grouplets 
for which Vj, < v. As, with increasing v, we pass through a 
critical frequency corresponding to an absorption edge, the 
absorption changes abruptly, due to the sudden inclusion of 
a fresh grouplet under the summation sign. 

It is clear, then, that the change of the absorption coefficient 
(allowance bemg made for changing A) which takes place on 
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passage through an absorption edge furnishes a method of 
estimating the relative number of electrons in the different 
grouplets. Dauvillier has measured the intensity of absorp- 
tion within the L absorption band, which contains the three 
absorption edges Lj, Z-u;, ijjj, corresponding to the substructure 
of the L group. The measurements were carried out for gold, 
and gave 


^=78, ^^=.495, 




where n^, n^, are respectively the number of electrons in 
the 2ii, 221, and 222 grouplets. Dauvihier states that 78 is 
approidmately i ; this is, perhaps, a little optimistic, but m 
any case the actual ratio must be very simple, since 

«i-l-«2+n8=8, 

and the value i is compatible with possible distributions.* 
Admitting this, we must have 2, 2 and 4 electrons m the 
2n, 221 and 222 grouplets respectively. The work has been 
carried out for one metal only, and the experimental agreement 
is not strikmg, but the method is ingemous. 

There is chemical evidence for a first grouplet of two elec- 
trons only in all the groups, as pointed out by Mam Smith. 
Elements of Columns I and II form oxides which are strongly 
basic, while characteristic elements of Column III, such as 
boron, aluminium and gallium, form oxides which are weakly 
acid, such as B2O3, or amphotenc, such as AlgOg There is an 
abrupt cessation of characteristic alkalme properties on leaving 
Column II. The elements of Column II never behave as if 
imivalent, i.e. will not part with one electron only m chemical 
combination, so as to give compounds such as CagO. Mam 
Smith states that elements of Coluiim III, on the other 
, hand, have properties which indicate that one valence electron 
IS less firmly held than the other two. Possibly he is alluding 
to the supposed existence of aluminium sub-chloride AIQ2, 
and sub-fluonde, and the ionic explanation of the behaviour 
of A 1 ( 0 H )8 as an acid hydroxide The evidence brought 

* E g. it the number of electrons were a, 3, 3, we should have ^=-66, but 
— =1, which is in even worse agreement with expenment. 

W3 
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forward does not appear overwhelming to the writer,* a fact 
to which he would hesitate to confess were it not that many 
experienced physical chemists appeared to appreciate his 
difficulties. The decision must be left to the chemists. 

As regards the long periods, the general arguments cited 
apply to the first two electrons. The division of the 3$ and 
the 4 s sub-groups into grouplets of 4 and 6 is not particularly 
indicated by chemical properties, but the paramagnetic pro- 
perties t of the elements of the first long period can be inter- 
preted in favour of the 33 sub-group containing 10 electrons, 
rather than 6 (with a completion of 32 and 3i to 6 each) as 
on Bohr’s original scheme. In the long period of 32, the 
rare earth group is particularly mterestmg, because here 
both paramagnetic susceptibilities J and chemical properties 
indicate a subdivision of the group into two parts. Chemically 
the rare earths are divided mto so-called cenum earths and 
yttrium earths, the cerium group comprismg the elements up 
to and including samanum, while the yttnum group comprises 
the elements from europium to lutecium.§ If the para- 
magnetic susceptibilities of the solid salts are plotted against 
atomic number the resultmg curve shows two distinct maxima, 
the susceptibihty being zero at the begmning and end of the 
whole rare earth group, and having a pronoimced minimum 
at samanum and europium. The chemical and physical 
properties would appear to indicate a division of the fourteen 
elements from cenum to luteaum into a first group of five and 
a second group of nine, which agrees pretty well with our 
theoretical division into six and eight, smce the interpretation 
of the empincal results allows a little freedom It would 
appear, then, that either the grouplet of six 443 electrons is built 

* After stating that the chemical evidence by which it can be shown that 
the first two valency electrons diltcr in firmness of binding from the third 
and fourth is so vast that only a tithe need bo cited. Mam Smith startb by 
referring to di-pyndino-compounds and acetylacetone fluorides. It is perhaps 
then admissible for a physicist to assume that simpler compounds give httle 
evidence in this direction. 

t See Chapter XVII. 

t See Chapter XVII. 

§ Chemically the yttnum group is often divided mto terbium, erbium, and 
yttmim (proper) sub-groups. 



PERIODIC PROPERTIES 


493 


up first, and then the grouplet of eight 4^ electrons, or else, 
possibly, that the first grouplet is built up to five, and the 
second grouplet then begun, the sixth 4^3 electron being added 
at a later stage. The fact that the yttrium group is often sub- 
divided, its first three elements — europium, gadolinium and 
terbium — ^being put in a sub-group, may mean that this sixth 
electron is added to dysprosium. A precise pronouncement is 
not justified at the present stage, but we may say that experi- 
mental fact indicates clearly a division of the rare earths into 
two groups roughly corresponding to the Stoner — Main Smith 
scheme. The fact that the interpolated elements of the 
periods of eighteen are not divided into two groups probably 
means that the two grouplets of electrons are not built up 
consecutively, but concurrently. 

Sommerfeld has indicated how the spectroscopic facts con- 
firm the Stoner scheme, and later, m collaboration with Grimm, 
has considered the connection between chemical and spectral 
properties in some detail.* We have emphasised that each 
sub-group attains a closed structure with an inert gas, and that 
on account of the high symmetry of this closed structure the 
moment for such a gas is zero. Now the subdivision into group- 
lets indicates various stages of comparative stability within 
the sub-group. In the short penods we have an %i grouplet 
of two completed in Column II, with Be and Mg . aw grouplet 
completed m Column IV, with C and Si , the completion of 
the «22 grouplet of four gives us the mert gas. In the long 
periods we have the first or grouplet completed in Column II, 
but for the completion of an outer grouplet we must look to 
Ge, Sn and Pb in Column IV, and not Ti, Zr and Hf. Now at 
the completion of each grouplet we must expect, from considera- 
tions of symmetry, no moment of momentum for the atom as a 
whole : the inert gas form having clearly no moment it is only 
necessary to consider the other electrons in pairs circulating m 
similar orbits, but opposite sense. In other words, at the 
stages indicated we should find that zero values of j for the 
whole atom, allotted as described hereafter in Chapter XV., 
pertain to the basic terms of the spectra. 

* This paper appeared too late for more than, a passing notice. It should 
be consulted. 
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This is found to be the case. From absorption measure- 
ments of Meissner it has been deduced that the basic term of 
the inert gases, neon, argon and krypton, is a % term. For 
neutral atoms of the alkaline earths, and for ziac, cadmium 
and mercury, the basic term is likewise a singlet S term for 
which j=o, indicating that the first grouplet of 2 is completed 
with these elements, as we expect. In Column IV we have 
evidence of zero moment in the spectrum of neutral silicon, 
for which McLennan and Shaver’s work yields a ®Po term as 
basic term : Grotrian has shown that the basic term for neutral 
lead has j—o, and Sponer has found the same for neutral tin. 
Ionised nitrogen should have the electron structure charac- 
tenstic of Column IV, and Fowler's analysis of the spectra of 
Nu does, in fact, indicate a ®P^ term as the basic ’term. We 
may say, then, that the spectroscopic results point to the 
closing of a grouplet in Column IV, where the fourth electron 
is added, the left-hand elements being taken in the long periods, 
in accordance with pur scheme of atomic structure. Further, 
as pointed out by Sommerfeld, elements which immediately 
follow or precede closed groups have basic terms for which 
j—i. For mstance, for neutral atoms of the alkah metals 
which follow the inert gases, the basic term is a ®Si ; for neutral 
atoms of the elements of Column III, which follow the closing 
of the first grouplet of two {i.e. for the elements on the right- 
hand side of the colunrn), the term is a ®Pi. 

Work on the distribution of the electrons among the sub- 
groups is proceedmg rapidly, hand in hand with the ordering 
of the complex spectra. Spectra have the advantage of givmg 
quantitative criteria for the electronic arrangement which are 
seldom afforded by the present kind of chemical evidence. 
No doubt it will not be long before a complete distribution 
scheme for all the elements, together with the basic terms of 
their spectra, is available * 

Interesting deductions showing the beanng of the grouplet 
scheme on crystal form have been given by Gnmm and Sommer- 
feld, but they have appeared too late for an attempt at 
adequate discussion here 

• Smee this was written McLennan, McLay and Smith have pubhshed such 
a table, which is prmteind Appendix V, q,v. 
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Co-oidinatioa Componnds and Co-valen^. Attempts have 
been made to interpret the class of chemical compounds 
known as co-ordination compounds in terms of the Bohr atom. 
The most characteristic of these compounds are the complex 
salts, in which the metal atom has valency properties quite 
different from those normally exhibited by it. In a typical 
complex salt, such as the cobaltammine CoCl3(NH3)e, there 
exist in combination a metal atom, an acidic atom, and normally 
saturated molecular groups such as NH3 or HgO. The add 
atoms. Cl in the example taken, and the NHj molecules are, 
however, bormd to the metal atom in essentially different vrscys. 
The ionic and chemical behaviour of the complex salt show 
that in the so-called luteo-cobaltic chloride CoCl3(NH8)e the 
three chlorines can be separated as ions from the rest of the 
group : in the compound in which one of the ammonia groups 
has been removed, CoCl3(NH3)6, only two chlorines are ionically 
separated. This, and a large nmnber of other facts established 
by Werner and his successors, detailed discussion of which is 
out of place here, have proved that a metal atom such as 
cobalt can collect round itself a certain number of ammonia 
molecules (to adhere to our original example), the whole form- 
ing a group which behaves as a radical and can unite with 
acidic atoms. This is expressed in Werner’s notation by 
writmg the compound CoCl8(NH8)6 as [Co(NH3)6]Cl3. The 
six ammonias are connected round the cobalt in such a way that 
its ordinary combining properties are disguised, and, m order 
to have a ^stmgmshing name, we may speak of them as bemg 
bound by co-ordinating valencies, or internal valencies. The 
essential difference between the internal and ordinary valency 
bond can be seen in the second cobaltammine chloride men- 
tioned above, purpureo cobaltic chloride CoCl8(NH3)5, where 
the chemical properties show that only two of the chlorines 
are bound by external valencies, while the third has replaced 
an ammonia in the complex radical. We therefore write it as 
[CoCl(NH3)5]Cl2. 

In these complex radicals the number of atoms or molecules 
(for, as we have seen by the chlorine replacing the ammonia, 
the co-ordinated members may be either) has, for a given 
central atom, certain definite values. In general this co- 
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ordination number is either six or four, another example of a 
co-ordination ninnber of six being offered by a ferrocyanide 
such as [Fe{CN)j]K4 in which a CN can be replaced by CO, 
forming potassium carbonyl ferrocyanide [FeCO(CN)5]K8, or 
potassium cobaltinitrite [Co(N02)6]K8, while a co-ordination 
number of four is exhibited by antimony in [SbS4]Na8 or gold 
in [Au(NH8)4]Cl8. The same atom may form compounds in 
which its co-ordinatio nnumber is six, and others in which it 
‘is four, as platmnm in [PtCyHa and in [Pt(NH3)4]Clg, or cobalt 
in [Co(NB8)e]Cl8, and in [Co(NH8)4]l2. 

This very sketchy description must suffice to indicate the 
distinction between co-ordinating and ordmary valency ; or, 
to use different terms, between mtemal and external valency, 
or auxiliary and piindpal valency, in Werner’s termmology. 
Sidgwick was the first to attempt an explanation in terms of 
Bohr’s atom. The co-ordinating valency must be attributed 
not to the outermost electrons, commonly called the valency 
electrons, but to electrons of an incompleted inner group, 
whence the appropriateness of the term internal valency 
Elements which have well-established co-ordination com- 
pounds belong to the long groups. Sidgwick based his explana- 
tion on the original Bohr theory, where the completed M group 
contains three sub-groups of 6, and the completed N group 
four sub-groups of 8. He supposed that the molecules or 
atoms of the complex ion, like those of unionised mole- 
cules, are bound to the central metallic atom by a sharing 
of two electrons, a concept originally due to G. N Lewis 
and subsequently emphasised by Langmuir and christened 
co-valency.* (The sharmg of two electrons is often 
referred to as a non-polar bond, in contradistmction to 
the polar bond which unites an electropositive and an electro- 
negative atom, as exemplified m ordinary salt, NaCl.) In 
general the orbits of shared electrons must be supposed to 
embrace both nuclei, but not much can be said as to the nature 
of the sharmg. It was originally suggested that, as the atoms 
must be neutral on the whole, the two electrons shared one 
orbit, with a phase relationship such that one electron was near 
the one nucleus when the other electron was near the other 

♦ See Chapter XVI. 
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nucleus. Shared orbits being excluded on our present views 
we must suppose two different orbits, but some kind of a phase 
relationship must exist between the two dectrons in them. 

Accepting, without too close a scrutiny, the binding 
by two shared electrons, it is dear that a saturated molecule 
such as NH3, or the equivalent — ^for co-ordination compounds 
— ^HgO, must contnbute two electrons to the metal atom, 
since itself it is incapable of disposing of extra electrons. On 
the other hand, an atom such as the chlorine atom l»as one 
electron missing from the mert gas form towards which it 
tends, and readily takes up one electron : sharing one electron 
belonging to the metal atom it contributes only one itself to 
the bmding pair. The chief chemical argument to this effect 
(j.e. to show that a saturated molecule must contribute 
two electrons to the metal atom, an electronegative element, 
such as a chlonne, one) is that when an NH3 in a complex ion 
is replaced by a chlorine the charge on the ion changes by 
one, increasing if negative and decreasing if positive, as ex- 
emplified by Werner’s senes of platimc compounds. Further, 
if the whole complex is combined as an ion with one or more 
acid Cl atoms, say, we must subtract an electron from the 
metal atom for every Cl. Thus m such a compoimd as 
[CoNOa(NH3)B]Cl2 the five (NH3)’s contribute two electrons 
each, the NOj (which is equivalent to a Cl in that it has an 
unsaturated valency) contributes one, while the acid Clg 
subtracts two . the cobalt atom has 9 more electrons than its 
normal 27. The same argument applied to [PtNHjCyK 
gives 8 extra electrons to the platinum atom. 

Sidgwick, having calculated the number of extra electrons 
for various components, pomted out that in the 6-cO'Ordmated 
complex salts the transition elements, such as Co, seemed to 
tend to take up sufficient electrons to bring the number up to 
that of the next higher inert gas : thus Co m these compounds 
has 27-1-9 =36, or the krypton number. This he attnbuted to 
a tendency of the cobalt to complete the Mu and sub- 
groups, which on Bohr’s original theory each contained 6 
electrons, the Mj group being already completed. With these 
elements the ordmary valency electrons belong, of course, not 
to the M but to the N group. One electron of each of the two 

A.S.A. 21 
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sub-groups of the M group was supposed to be shared in each 
co-valency. Sidgwick supported his argument by many 
o Tiomiral instances, and deduced a co-valency of 8 for certain 
elements of the rubidium-xenon period. While there seems to 
be no doubt that electrons of the inner mcompleted groups 
(whose total quantum number is less than that of the true 
valency electrons) are involved in the co-ordination com- 
pounds, and, in general, in compounds where the element 
shows irregular valency, the details of Sidgwick’s interpretation 
have been criticised, especially by Main Smith in view of his 
sub-division of the levels. The Stoner— Main Smith scheme 
does not admit withm a group two sub-groups containing 
the same number of electrons. For the cobalt elements the 
numbers in the Mj, Mu, Mm sub-groups are 2, 6 and lo, 
divided into 2 ; 2, 4 ; 4, 6 It is therefore difficult to connect 
Sidgwick’s co-valency rules with details of the scheme of 
atomic structure which is now accepted by physicists. Sidg- 
wick's hypothesis, which is, in essence, that the maximum 
co-valency is 2 for hydrogen, 4 for the elements of the first 
short period, 6 for the elements of the second short period, 
and 8 for all subsequent periods, is, of course, based on 
chemical evidence, and not on considerations of atomic 
structure, and, if its application is in fact generally satis- 
factory — a point which it is for the chemists to decide — ^it must 
stand as an empirical rule, and its interpretation in terms of 
the quantum scheme must be postponed In short the question 
must go for the present on the list of unsolved problems. 

This bnef and hazardous excursion into the realms of 
chemistry has been undertaken with the object of indicating 
the kind of way in which the atomic model has been applied 
to chemical problems rather than with the hope of exhibiting 
any very clear-cut results. A certain indefiniteness in the 
conclusions is, perhaps, a feature of these attempts, which are 
always supported by a wealth of isolated instances against 
which opponents seem able to adduce an equal number of 
other isolated instances. The conflicts of certain organic 
chemists, to which I have not alluded, are best watched 
from a distance. I have no doubt that, as m the case of 
quarrels between man and wife, the participants are not 
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dismayed by the fact that no result is ever reached, and that 
under all the noise and banging there exists a genuine mutual 
regard. At any rate wise men know what happens to 
the well-meaning party who, without any very clear under- 
standmg of the cause of the dispute, should attempt to interfere 
in such a fray. I have no desire to demonstrate his fate, or, 
if I may change the metaphor, die like a second Tarpeia under 
a shower of benzene rings. 

REFERENCES, CHAPTER XIV 
General References. 

A. SoMMERFELD. Atombau und Spektrallimen. Fourth Edition. 
1924. Vieweg. 

N. Bohr. The Theory oj Spectra and Atomic Constitution. Second 
Edition. 1924. Cambridge University Press. 

J. D. Main Smith. Chemistry and Atomic Structure, 1924. Benn. 

M. Born. The Mechanics of the Atom. 1927. Bell. 

Various Authors. The Electronic Theory of Valency . a General 
Discussion. Transactions Faraday Society, 19 , 450, 1923. 


N. Bohr. Der Ban der Atome und die physikalischen und chemischen 
Eigenschaften der Elemente. Zeitschr. /. Phys,, 9 , i, 1922. 

Uber die Anwendung der Quantentheone auf den Atombau. 

Zeitschr.f. Phys,, 18 , 117, 1923. 

Linienspektren und Atombau. Ann. d. Phys., 71 , 228, 1923, 

N. Bohr and D. Coster. Rontgenspektren und periodisches S3'stem 
der Elemente. Zeitschr. f. Phys., 12 , 342, 1923. 

Y. Nishina. On the Z.-absorption Spectra of the Elements from 
Sn (50) to W (74) and their Relation to the Atomic Constitution. 
Phil. Mag , 49 , 521, 1925 

R. Ladenburg. Atombau und penodisches System der Elemente. 

Zeitschr. f. Electrochem , 26 , 262, 1920. 

W. Kossel. Uber Molekulbildung als Frage des Atombaus. Ann. d. 
Phys., 49 , 229, 1916. 

Uber die physikalische Natur der Valenzkrafte. Natiirwissen- 

schaft, 7, 339 and 360, 1919. 

\V. Kossel and A. Sommerfeld. Auswahlprinzip und Verschiekungs- 
satz bei den Serienspatren. Verh.d. Dent. Phys. GeselL, 81 , 240, 1919. 
W. F. Meggers and C. C. Kiess. Spectral Structure for Elements of 
the Second Long Period. Jour. Opt. Soc. America, 12 , 417, 1926. 
W. F. Meggers. The Periodic Structural Regularities in Spectra as 
Related to the Penodic Law of the Chemical Elements. Proc. 
Nat. Acad. Science^ 11 , 43, 1925. 



600 STRUCTUBE OF THE ATOM 

E. C. Kemble. The Probable Normal State of the Helium Atom. 

Phil Mag., 48 , 123, 1921. 

H. A. Kramers. Uber das Modell des Heliumatoms. Zeitsohr. /. 
Pkys., 18 , 312, 1923- 

J. H. VAN Vleck. The Dilemma of the Helium Atom. Phys. Rev., 19 , 
419, 1922. 

R. A. Millikan. Some Facts bearing on the Structure of Atoms, 
particularly of the Hehum Atom. Phys. Rev., 18 , 456, 1921. 

A. SoMMERFELD. The Model of the Neutral Hehum Atom. Jour. Opt. 
Soc. America, 7 , 509* 1923* 

^ur Theorie des periodischen Systems, Phys. Zeitschr., 26 , 70, 

1925. 

H. G. Grimm and A. Sommerfeld. Uber den Zusammenhang des 
Abschlusses der Elektronengruppen im Atom mit den chemischen 
Valenzzahlen. Zeitschr. f. Phys., 86, 36, 1926. 

G. DE Hevesy. Recherches sur les propri6t& du Hafnium. Kgl. 
Danske Vtdenskdbemes Selskab., 6, 7, 1925. 

On the Missmg Element 87. Kgl. Danske Videnskabemes 

Selskab., 7 , ii, 1926. 

F. Paneth. Uber das Element 72 (Hafnium). Ergebnisse der Exacten 

Naturwissenschaften, 2 , 163, 1923. 

D. Coster and G. de Hevesy. On the Missmg Element of Atomic 

Number 72. Nature, 111 , 79, 1923. 

(Other correspondence on the subject will be found in the same 
volume of Nature.) 

W. Noddack, I. Tacke, O. Berg. Die Ekamangane. Naturwissen- 
schaften, 18 , 567, 1925, 

V. Dolejsek and J. Heyrovsky. The Occurrence of Dwi-Aianganese 
(At. No. 75) in Manganese Salts. Nature, 116 , 782, 1925. 

J. H. Harris, L. F. Yntema and B. S. Hopkins, The Element of 
Atomic Number 61 ; Illinium. Nature, 117 , 792, 1926. 

E. C. Stoner. The Distribution of Electrons among Atomic Levels. 

Phil. Mag., 48 , 719, 1924- 

J. D. Main Smith. Atomic Structure and Co-ordination Number. 

Jour. Soc. Chem. Ind., 44 , 944, 1925. 

N. V. SiDGWicK. Co-ordination Compounds and the Bohr Atom. 
Trans. Chem. Soc., 188 , 725, 1923. 

The Bohr Atom and the Periodic Law. Jour. Soc. Chem. Ind., 

42 , 901, 1923. 

L. DE Broglie. Rayons X et ^quilibre thermodynamique. Jour, de 
Phys., 8, 33 i 1922. 

A. Dauvillier, Sur la distribution des Electrons entre les niveaux L 
des 616 ments, C.R., 178 , 476, 1924. 

See also references Chapter XVI. 



CHAPTER XV 

MULTIPLEX STRUCTURE AND ANOMALOUS ZEEMAN EFFECT 

btiodactoiy> The question of multiplet structure and the 
question of the anomalous Zeeman effect are closely connected, 
smce the anomalous effect is shown by all component Hn^g of 
multiplets, and the type of Zeeman resolution exhibited by 
such a component line depends upon the multiplicity with 
which it is associated. We have seen that the quantum theory 
of multiply periodic systems, founded on a definite mpp.hamral 
picture of the atomic system as a core and an optical electron 
either penetrating or not penetratmg within this core, can give 
a good representation of the general series systems, neglecting 
multiplet structure, and that in the case of the lighter allfali 
metals, where the doublets are very close, a tolerable numerical 
representation can be obtained by workmg out the mechanics 
of such a core + electron system, the core being regarded as 
exerting a spherically symmetncal conservative field of force 
in which the electron moves. The normal Zeeman effect was 
also calculated on the basis of the quantum theory of a multiply 
periodic system, and an exact result obtained. Matters were 
taken a little further when we considered a polarisation of the 
core by the electron. When, however, we come to treat of the 
doublet structure of either X-ray or optical spectra, we find 
that the conception of a rigid core and a circtdating electron, 
exerting forces on one another according to the laws of classical 
dynamics, cannot be made to act as a satisfactoiy model. The 
problem of the theoretical significance of the doublets is not 
yet convincingly solved, but from our present point of view 
it seems clear that for the explanation some non-mechanical 
ad hoc principle must be invoked. 
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When we turn to multiplets in general, of which the doublets 
are a particularly simple case, and to the anomalous Zee m an 
effect, there are general arguments, which will be discussed 
later, to diow that the method which we have used in the 
building up of atoms by addition of electrons is insufficient to 
account for the experimental facts unless speaal hypotheses 
are introduced. It is clear that a much more complicated 
interrelationship between core and electron exists than is 
contemplated in our model. Nevertheless, it is convenient at 
first to use this type of model, and to express the result in 
terms of it, mvoking such subsidiary assumptions as may be 
necessary, and afterwards to use the mode of expression to 
embody the paradoxes with which we shall be confronted. 
The services and insufficiences of the model are so best revealed. 
Before even this is attempted, however, we shall describe the 
empirical regularities which have been established, since these 
will be needed whatever turn the theory may subsequently 
take. The quantum theory has emphasised one great simphfi- 
cation, due to Ritz, namely the discussion of the problem 
through the meditun of terms rather than of Imes : this alone 
represents a great advance, and substantially reduces the 
number of entities needed to express the results found. A 
further feature of the quantum theory which lies at the basis 
of this recent work of ordermg the multiplets and their associ- 
ated Zeeman effect is the selection principle, fixing the possible 
transitions between states detemuned by different quantum 
numbers. In all attempts to solve the general spectral problem 
the arithmetical character of the quantum theory has main- 
tained its validity. 

Quantum Description of Empirical Results on Multiplets. We 
have already drawn attention to the fact that systems of given 
miiltiphcity are characteristic of neutral atoms of elements in 
a given colunm m the periodic table, as singlets and triplets for 
the neutral alkahne earths, doublets and quartets for the neutral 
elements of Column III, and so on. The question now arises 
as to how the observed series of multiplet lines can most simply 
be expressed, and our previous expenence m the descnption of 
spectra leads us to look for simple relations among terms, by 
differences of which these hues may be expressed. 
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The model described in Chapter XII. consisted of a core, 
with a given moment of momentum determined by quantum 
laws, and a circulating electron with its own moment of 
momentum: the total moment of momentum, obtamed by 
compounding vectoiially that of the core and of the electron, 
was also subject to quantum restrictions. We let the moment 
oi momentum of the core be rhj 2 n, that of the electron be 
and the total moment of momentum compounded of 
these two be jhl 2 n. In addition there is a principal quantum 
number n, existing independently of k by virtue of the fact 
that the total action of the electron contams a radial com- 
ponent which does not contribute to the moment of momentum, 
as discussed m Chapter XI. We require to describe the 
multiplet as far as possible m terms of these four quantum 
numbers. 

We take as fundamental for our quantum description the 
selection rules which we have already denved from apphcation 
to the correspondence principle, namely : 

{ the combmation j=o 
with ;=o being ex- 
cluded. 

(b) k changes by + 1 or - 1 

Let us consider first the odd multiplicities, namely, singlets, 
tnplets, qmntets, and so on, and, for simplicity, let us take of 
these the triplet system to begin with. To analyse such a 
system empirically mto terms, it is found necessary to take the 
5 term as single, as it is found with all systems, the P term as 
triple, and, m general,* the D term and F term as triple also. 
(Cf, the analysis of the Srj spectrum in Fowler’s Report) 
The prmcipal senes, S-P, will then consist of tnplets, as 
observed. The sharp senes, P-S, will similarly consist of 
tnplets. It would appear, at first sight, that the diffuse senes, 
P-D, should consist of groups of nme lines if this analysis were 
correct, smce both P and D have three different values. How- 
ever, the selection principle excludes certam combmations. 

* In geii6r£tl, becauso ■th.e difEuse and fundamontal series have not in all 
cases been sufdciently resolved to render triple values of the D and F terms 
necessary. 
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We must allot values of j to the terms. Suppose that for the 
P term we takey =2, i, o, and for the Z) termy =3> 2, i, regard- 
ing this merely as a guess at present. (We have said nothing 
about the value of r, so that, although we know the value of k 
— *=2 for P; *=3 for D terms— and that j is found by 
compounding A and y vectonally m the different possible ways, 
we cannot fix ;.) Taking these values for j, we can write the 
terms in our notation • ®Po, *Pi, ^Pg ; ®Z)i, Then, as 

far as A is concerned, all combinations of P and D with one 
another are possible, smce AA always = ±i, but the j rule 
limits us to ®Pi'-®J?i, ®Pi~®P 2 > ®Pa'~®Ui, ®P 2 ~*I) 2 > 

®P8/-®Z?s. aJid we expect only six hnes, if our allotment is 
correct Now this is what is found empirically (cf. agam 
Sri in Fowler’s RepoH). The experimenters who first 
ordered triplet spectra referred to such a group of six hnes in 
the diffuse series, for instance, as a triplet with sateUites, three 
linpg being regarded as the chief hnes, and the other three as 
sateUites on account of their smaUer intensities. It was realised 
that the satellites, although measured only for certain triplet 
spectra, might be of general occurrence ; for mstance, A. Fowler 
wrote ■ “ It is quite possible that satellites are a normal feature 
of the diffuse senes of doublets and triplets, and that their 
apparent absence m some cases may be due to their small sepa- 
ration from the chief lines,” as we now feel sure to be the case 
The structure of a P-D tnplet with satellites may be made 
clear by the foUowmg example, which is the Caj^ tnplet 


CALCIUM, PD TRIPLET SCHEME 

Term. Term value. 



(Forbidden) 

(Forbidden) 

(^ 5 ) 

44 ' 25-43 

22590 4 

i»Po 

34140 9 


(Forbidden) 

(54) 

4434 95 

22542 0 

{19) 

4433-07 
22538 3 


34094 0 


(lOO) 

4454 77 
22441*7 

(18) 

4455 88 

22436 I 

(I) 

44 ' 56 * 6 i 

224324 

i®Pa 

33988-7 

Term 

Term value 

1 1547-0 

2»U, 

I 1552 6 

2»I)i 

II55O4 












X 442 




(b) (c) (d) (e) 

Fig 3 . Anomalous Zeeman Resolutions. (E. Back.) 
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i^Pj-z^Dy The values of the P tenus are written in the 
vertical column on the right, the values of the D terms in the 
horizontal row underneath, and the values of the combination, 
i.e. of the line, at the intersection of the corresponding row 
and column. Above the wave-number value (in vacuo) of the 
line is wntten the wave-length (I.A in air), and, in brackets, 
the number givmg the intensity of the line : this is not needed 
for our present discussion, but is given for the sake of complete- 
ness, and will receive reference later. 

Fig. 3, Plate VII, shows a photograph of this triplet, 
specially taken for me by Dr. W. Jevons with the 8-foot grating 
at the Artillery College. The hnes originally called the chief 
lines are AA 4425-43, 4434‘95> 445477; the others are the 
satellites. 

It IS found, then, that all the features of a tnplet series can 
be represented by a sequence of smgle S terms, and sequences 
of triple P, D and F terms, the observed restnctions in com- 
bination of these terms bemg adequately given by the allot- 
ment of values for j, the inner quantum number, obe3nng the 
rule A;=o or ±1. Now other series of odd multiphcity exist, 
e.g. qumtet and septet series, as rendered evident by the 
investigations of Catalan, Laporte, Gieseler, Walters, Meggers 
and Kiess, and others on elements of the higher columns m the 
periodic table. Many lengthy investigations have been made 
with the object of representmg the observed facts by quantum 
numbers. It is found that the 5 term is single, the P term 
tnple, and the D and F terms five-fold for the quintets, 
while for the septets the S, P and D terms have the same 
multiple character as for the quintets, but the F term is seven- 
fold. This gives us a general rule, that m the case of odd 
multiplicities the numbers of terms m the different sequences, 
S,P,D,F,G . . . are odd, always beguinmg at i for the S term, 
and increasing to the next odd number, as we proceed 
from sequence to sequence in this order until the full number 
of the multipliaty m question is reached, after which there is 
no further increase. This attainment of a fixed value, equal 
to the multiphcity of the series, is referred to as the permanmce 
of multiplicity, and the number itself is often called the per- 
manence number or maximum multipliaty {Permanenzzahl). 
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This rule, together with the actual allotment of the j's, is well 
represented, after Sommerfeld, by the following scheme : 


Singlet 
j - 0 
/ 

1 

/ 


/ 


«/ 


Triplet 

i = 1 

m' 

/w 


Quintet 
3 - 2 
/l\ 

3 3 I 


/rFj\ 


Septet 

J - 3 

4 3 3 




It will be observed that all numbers vertically xmder one 
another are equal, and that, starting with _;=o, i, 2, 3 . . for 
singlets, triplets, quintets . . the scheme is extended S5nn- 
metrically in both directions until the number 0 is reached, 
which corresponds to the attainment of the permanence 
number. After this the scheme is extended to the left only, 
the number of terms beiag permanent. These values of j give, 
by the selection rules, a very good representation of the per- 
mitted combmations, but, of course, this alone only fixes the 
values of j withm an additive constant, smce differences alone 
are concerned Deciding always to abide by the selection 
rule, which has been so successful in representing expenmental 
fact, we have a further guide as to the ^’s furnished by the 
mtercombmations between terms of different systems. To 
take a simple example, in the spectrum of neutral mercury, 
which we have already discussed more than once as an illus- 
tration, combmations between the smglet and the triplet 
terms are known, and the j values must be allotted so as to 
permit the observed combinations. Fortunately it has been 
found possible to do this, as already illustrated m Fig. 50. 
That this can be done is sufficiently remarkable, and a good 
illustration of what has been referred to as the arithmetical 
character of the quantum theory. 

Now we can represent this scheme on the assumption that 
j (multiplied, of course, by hlzn) gives the total moment of 
momentum of the atom, compounded of the momentum of the 
core and that of the series electron ; that is, we can represent 
it formally, although, as we shall see later, this simple mech- 
anical scheme cannot maintain its validity in the face of certain 
facts. That, however, does not destroy the value of our 
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scheme as a pictorial representation of a limited nnmber of 
experimental observations, if we remember this limitation. 
Temporarily we take j to be necessarily a whole number, 
although subsequently we shall have to remove this restriction. 
For the moment of momentum of the series electron we have 
kh} 27 t. Unfortunately, however, we cannot get the right 
number of terms by compounding this with a vector takm to 
represent the moment of momentum of the core, as will be 
seen when our vector scheme is completed. We take instead 
an arbitrary vector denoted by j^=k-i. We thm have to 
select a vector s to take the place of the moment of momentum 
of the core . this, if chosen so as to give the number of terms 
in agreement with expenment, turns out to be given by 
^=25 + 1, where r is the maximum multiplicity. That is, in 
place of r we take ^(r-i), which is the value of j for the 
atom in the S state of the system under consideration, as can be 
seen by consulting the scheme on p 506 . in place of k we take 
the value of j for the given sequence of Ihe singlet system. 
For this reason Sommerfeld origmally denoted by the 
quantity here called s. There is at this stage no definite 
theoretical reason why these quantities should be chosen in 
place of r and k ; it has simply been found empirically that 
with them we can make a simple machme for giving the 
right number of terms. 

Fig. 90 shows the way m which the number of terms can be 
derived from this vector scheme (a) for a triplet system, for 
which s=J(3-i)=i, (6) for a qumtet system, for which 
s=J(5-i)=2. Fig. 90 (c) shows the method .40 is the vector s 
and the vector is laid off from 4 m aU positions that make ^ a 
whole number. The way in which this is done with circles in 
Fig. 90 (a) and (i) should be obvious. In each case there are 
two vectors,; colhnear with s, representing s +;„and s m (a), 

representing the tnplet sequences, where s=i, there is a smgle 
additional vector for each sequence, that is, for each value of 
Ja> so that we have three possible values of j for aU values of 
except o, i.e. for all values of k except i. Fory^=o (^=1) 
there is only one vector, which is s itself, by definition of s. 
In (6) it will be seen that, in addition to the one value of j for 
;„=o, there are three values fory^=2, five ioi ja=Z> 3 a— A> 
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higher values. Thus the diagram represents correctly the 
number of terms in each sequence. 

It is obvious, from considerations of symmetry, that on any 
scheme where s and have whole number values the number 
of values of j obtamed by compoundmg s and hx the above 
way must be odd. It appears, then, that we shall have diffi- 
culties when we turn to the so-called even multiplicities, where 



Fig. 90, 

Sommerfeld's vector scheme for multiplet terms (a) triplet system, 
(6) quintet system. 


the permanence number is even Thus in the simplest case, the 
doublet system, it is a faimhar fact that the S terms are single 
and all the other terms double. In the quartet system the 
S terms are single, the P terms triple, and the D and higher 
terms quadruple. In the sextet system the D terms are five- 
fold, and the F and higher terms six-fold These are empirical 
facts. In general, then, the number of terms increases from i, 
with the S sequence, to the next odd number as we 
progress from sequence to sequence, until the odd number just 
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before the permanence niunber (which is, of course, even) is 
reached. Thus the following scheme expresses the multiplicity 
of the terms in each sequence : 



If we desire to express this number-scheme by a vector sdieme, 
as with the odd multiplicities, we are forced to abandon whole 



Vector and quantum number scheme for sextet system. 


number values for the vectors. For which choice of vectors 
we do this appears at first sight immaterial. Sommerfeld 
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chooses half-odd-integer values for s and j, retaining integer 
values for k, and consequently for The way in which the 
scheme then works may he illustrated by the sextet system, 
for which vector scheme and equivalent numerical scheme are 
shown in Fig. 91. Here s=^(6-i)=-|. The terminal points 
alone are shown, since drawing all the vectors in full would 
confuse the diagram. 

So far we have described an allotment of quantum numbers 
which (i) gives an adequate description of the possible inter- 
combinations, if the ordinary selection rule be observed, 
(2) allows a simple scheme by which two vectors, and s, one 
representative in some obscure way of the moment of momen- 
tum of the series electron, and the other of the moment of the 
core, may be made to indicate the multiplicity of the term in 
each sequence, and, in particular, the attainment of a per- 
manence number. As a descriptive scheme this allotment of 
inner quantum numbers has proved most effective, and by it 
the arithmetical, as distinct from dynamical, character of the 
quantum theory of spectra has received further strong support. 
The adoption of half-mtegers * as quantum numbers, which, 
from the point of view of the quantum theory here adopted, f 
is a grave and repulsive step, seems mevitable ; the anomalous 
Zeeman effect, as will be seen, necessitates this. 

Apart from the general necessity of adopting half quantum 
numbers, the scheme, due to Sommerfeld, just expounded, is not 
rigid, and, m fact, Land6 has a different allotment. He denotes 
the integral quantum numbers expressing the moment of momen- 
tum of series electrons, of the core, and of the atom as a whole, 
by k, r, j; r is equal to the maximum multiplicity of the system 
in question. He introduces new numbers defined as follows : 

* We shall have, in the following, frequent occasion to refer to quantum 
numbers which are mtegers, and others which are half-odd-integers. For 
brevity we shall call the former integer values, the latter half-integer 
values, and correspondingly speak of whole quantum numbers and half quantum 
numbers, 

t Since this chapter was written a new quantum mechanics has been 
developed by Heisenberg, Bom and Jordan, and others, which is based on 
the use of the theory of matrices. There has not been time to give any 
account of this new mechamcs here, but accordmg to it the occurrence of 
half integral values of ^ is natural. An alternative, still more fundamental 
development has been imtiated by Schrodinger, which leads to the same result. 
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R=rj2, i.e. R=^, i, f-, 2 . . for singlet, doublet, triplet, 
quartet . . . ssrstems 

K=k-\, i.e. K =^, . for S, P, D sequences. 

J, obtained by compoundmg R and K vectorially, is half 
integral for odd multiplets, integral for even multiplets. 

The selection rules are unaffected, smce k and j are only 
changed by additive constants. A vector scheme of R and K 


Starlet system 



Fig, 92. 

Land6's scheme for compounding R and K 


compounding to J, similar to Sommerfeld's, can be made up, 
giving exactly the same number of terms of each sequence as 
does Sommerfeld’s : however, the case of R and K colhnear is 
forbidden on Land^’s scheme, smce when R is integer, J is 
integer, and when R is half-integer, J is half-integer, while K is 
always a half-integer. This implicit denial of the possibility that 
the core and electron can set themselves so that their moments 
of momentum fall in one line seems an unnecessary complication 
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but Lande’s scheme has been widely adopted, and proves 
extremely useful for many purposes. It is important to note, 
then, on either scheme, or any scheme so far suggested, (i) half 
quantum numbers must be introduced, so that we may as well 
accept them, and ascribe their occurrence to features of the 
mechanism of the interaction between core and electron which 
we do not understand. Their existence has been made a 
source of satisfaction by Heisenberg in his duplicity scheme 
(see page 546) ; (2) the quantum numbers chosen for compound- 
ing accordiig to a vector scheme are not the simple r, k, j of 
our childhood’s dreams, but numbers related to them. Tandy’s 
scheme for singlets, doublets and triplets is represented in 
Fig. 92. The notation originally proposed by him, by which 
the n, r, k, j belongmg to a term are written is shown m 
the diagram. In this symbol for a term only integers are 
used, for convenience of printing, k being the nearest integer 
greater than K, and j the nearest integer less than J when J 
is half-integer. 

The schemes may be summarised as follows : 

Bohr’s original scheme. 

Moment of momentum of core =rhl 27 t. 

Moment of momentum of electron =A7i/2jr. 

Moment of momentum of whole atom=_;^/2jr 

Maximum value of j =r + k. 

For S. P, D, F . . . sequences A=i, 2, 3, 4 . . 

Landi. 

R=rl 2 . K=k-^,J^=R+K-l. 

This forbids R and K to be collinear. 

Sommerfeld. 

^ =>'/2 -i -I, ;^=s +;;. 

This allows s and to be colhnear. 

Obviously s plays the role of R, that of K.* 

® ja Aina'S “./max ~ • 

* It may be contended that the writer should adopt one notation, but as 
this book IS intended to put the reader in the position to read the original 
papers easily, and follow current work, for which both notations are required, 
both notations are introduced. This policy also has the merit of emphasising 
the element of arbitrariness which exists 
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A word is perhaps needed as to the values of j adopted in 
writing a given spectral term in the ’T, notation. To avoid 
writing half-int^ers for j in the symbol the following rule is 
adopted integer values of j are written tmchanged in ’Tj, but 
to values of j which are actually half-integers ^ is added before 
they are written into ’T,. Or, as above, the J values may 
be taken, and ^ subtracted from the half-integer values, the 
integer values being left unchanged. 

Anomalous Zeeman Effect. It has been already mentioned 
that all component lines of a multiplet, but not singlet hnes, 
show an anomalous Zeeman effect, that is, in a magnetic fi^ld 
of moderate strength they split up into a group of lines, the 
complexity of which depends upon the character of the multi- 
plet to which the line m question belongs. We say “ of 
moderate strength,” because m a very strong field the whole 
group of hnes belonging to a multiplet behaves as if it were a 
smglet line, and becomes in a sense a normal Zeeman triplet 
This effect is known as the Paschen-Back effect, and will have 
to be mentioned later, when a word wiU be said as to the 
meaning of a '* strong ” field m this coimection. Confining 
ourselves for the moment to fields of moderate strength, 
the anomalous Zeeman effect has proved to be of great 
importance for the question with which we are concerned — 
namely, the nature of the interaction or couplmg between 
core and series electron — ^because the quantum analysis of 
the effect gives us a direct means of determinmg the number 
of different stationary states to which a given state of the 
undisturbed atom can give rise, which is obviously connected 
with the mteraction between core and electron It also 
throws hght upon the general problem of the allotment of 
y’s to a given atonuc state Consideration of this effect 
has also shown that certain difi&culties which have arisen 
m considering the magneto-mechanical effect discussed in 
Chapter XVI are of fundamental significance, while it has not 
solved them. 

Within a few years of Zeeman’s original discovery, Preston 
made a discovery which proved very useful m sorting out the 
lines belonging to different series, namely, that while most lines 
showed anomalous effects, among which different t3?pes could 

2K 


A.S.A. 
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be distingtiished, all analogous * lines of the same series showed 
the type of anomalous Zeanan effect. In terms of our 
quantum theory the nature of the Zeeman resolution is inde- 
pendent of n, but depends upon both h and j. As regards the 
types themsdves, we may say that the higher the degree of 
multiplicity to which the line belongs, the richer in lines is the 
Zeeman pattern produced. It is generally but not universally 
true that this Zeeman pattern is subject to a rule due to Runge, 
namely, that the displacement of any component from the 
position of the unresolved line is a rational multiple of the 
Lorentz separation shown by the normal triplet. This unphes, 
of course, that the displacement of a given component line is 
proportional to the magnetic field, siace this is the case with 
the normal triplet. 

The anomalous effect contains components polarised both 
parallel to f (jt components) and normal to (cr components) the 
magnetic field. There is, of course, both a longitudinal and a 
transverse effect, just as with the normal effect, but, agam as 
with the normal effect, the transverse effect is inclusive, show- 
ing all the components, of which certain ones, namely, those 
correspondmg to a vibration along the Imes of magnetic force, 
are invisible for the longitudinal position. The transverse effect 
win therefore always be considered, and the longitudinal effect 
not mentioned again. 

To consider the type of resolution a little more closely, 
Runge’s rule may be mathematically expressed by the formula . 


A q e H 

Av = i. , 

p m 43rc 


(I) 


e H 

“ — bemg the normal Lorentz separation, and q and p being 

whole numbers which never have a very large value for the 
simpler spectra, investigation of which established the rule J 


• J,5. m the case of multiplet senes, lines occupying conresponding positions 
in the multiplet, or, m the notation of to-day, hnes of identical j values. 

t We say a line is polarised m the plane contaming the electnc vector and 
the direction of propagation. 

J For some terms of the more comphcated spectra recently investigated large 
values of p ^d q are mdicated. In such cases measurement of the separation 
cannot distinguish between chosen values and values shghtly different, e.g, 
between qjp =63/78 and qjp =62/77. 
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Thus p, which is called the Rirnge denominator, does not exceed 
15 in practice for the simpler spectra. Further, the pattern is 
always symmetrical about the undisturbed position of the line, 
unless the field exceeds the values which we are at present 
considering. 

As a simple example we may take the resolution of lines of 
a principal doublet series, for instance the D lines of sodium, 
for which a photograph of the actual pattern, without polaris- 
ing prism (i.g. n and <r components drown together) is given in 
Plate VII, Fig. 2 (a). (In this photograph the doublet without 
field is shown below, the Zeeman resolution above.) This is 
diagrammaticaUy represented in Fig. 93 (a), the n and o- com- 
ponents being here distinguished, the former by short verticals 

, - -L - 

I I <r 



Fig. 93. 

Zeeman resolution (a) SP doublet , *5^ above, “Sj -‘Pj below. 

(b) SP tnplet ; *P^ - ‘Pj - *S,, ®P, - 'Si, in this order from above 
to below. At the top of the diagram the normal Zeeman effect. 

above, the latter by short verticals below, the horizontal hne. 
The Zeeman pattern for lines of a pnnap>al triplet is shown 
diagrammaticaUy m Fig.^ 93 (&). The relative mtensities of 
the components are quantitatively mdicated by the length 
of the vertical lines in the diagram. Experiment has shown 
these mtensities to be simple multiples of a common factor. 
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Plate VII, Fig. 2 (b), (c), (d), is an actual photograph of the 
effect for the three lines of the Zinc PS tnplet, A A 4680 -38, 
4772-34, 4810-71, n and <r components bemg shown together. 
The three lines for *Po -®Si and the six for -®Si are very 
dear: of the nine for ®P2-®Si, indicated in Fig. 93 (6), 
only seven are shown in the plate, the two outermost lines 
being too faint to appear in reproduction. These excellent 
photographs are due to Back. 

There is a very simple notation for writing the empirically 
observed Zeeman resolution of any line. Since the resolution 
in the cases now under consideration is always symmetrical, it 
suffices to describe one half of the pattern. The Runge 
denominator is wntten under a horizontal line, and above are 
placed the numerators, which specify the displacement of the 
various hues, separated by commas. The tc components are 
distinguished by bemg endosed in brackets, the a- components 
being left unbracketed. Thus the resolutions of the lines of 

a principal doublet may be written and 

3 3 

respectively, and those of the lines of a principal tnplet 


(o).4 

2 


(i)> 3, 4 


^ (o). (i). 2 . 3. 4 
2 


respectively (compare Fig. 93). 

Of primary importance is the fact that it is possible to 
represent the Zeeman resolution of all multiplet lines by 
a ssigning groups of terms mto which each term of the undis- 
turbed spectrum splits up m the magnetic field. That is, the 
combmation principle of Ritz is satisfied by the Zeeman 
components. Further, we can allot to each term a special 
quantum number m which satisfies the correspondence and 
selection pnnaple in the sense that the application of these 
rules to the numbers allotted gives the experimentally observed 
lines, and the correct polarisation of these lines. Even if a 
satisfactory mechanical modd cannot be found to exemplify all 
features of the quantum theory, the quantum numbers have 
their justification so long as they mtroduce this great descrip- 
tive prinaple. We now proceed to discuss briefly the way 
in which the quantum number m is attributed to the terms. 
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Since, in order to satisfy our general quantum principles, 
including the correspondence principle, the quantum numbers 
allotted to a given set of terms must differ from one another 
successively by i, it is clear that where an even number of 
m terms is attributable to a given spectral term the values of 
m must be half -integer values, if the effect is to be symmetrical, 
whereas in the case of an odd number of m terms integral 
values are needed Examples of this will appear below. 
It may be mentioned that Hicks has proposed to do away 
with half-integer numbers by takmg, for the case of an 
odd number of m terms, even number values for m, starting 
at o, and, for the case of an even number of m terms, odd 
number values for m, starting at i. Thus we should have for 
the magnetic resolution of any term successive values of m 
differmg by 2 instead of by i. Hicks claims certam advantages 
for this method, but the fact that it necessitates such drastic 
changes of the selection rule as to mvahdate the correspondence 
prmaple m its present form seems to depnve it of any great 
value 

We can allot selection rules for m by mvoking the arguments 
used in Chapter X. m discussmg the normal Zeeman effect. 
It was pointed out there that the number expressmg the effect 
of the magnetic field [n^ in equation (28), p. 253) changes 
by ± I for a or component, by o for a :?r component, and 
we may take this rule to apply to the ni’s which we are now 
using. As an example of the allotment of the m’s, the prin- 
cipal doublet and tnplet already used in Fig 93 may be taken 
To the ®P2 term we give values of w - i}, - ^ , to 

values - ^ , to - J, I, and we write our scheme as 

follows 

Zeeman resolution of principal doublet lines m values 

I \/ I / I I \ 

\ I 1 / ^ 'i' \ 

-i i -i J i 

The arrows mdicate possible transitions . our polarisation rule, 
on this scheme, is that vertical arrows denote n components, 
oblique arrows a- components. We see at once that this scheme 
mdicates four <r and two n components for the hne 
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a nd two a- and two n components for ®Si - as observed, 
For the principal triplet lines we write : 


•s, - 1 o 

\l/ 

»Pn O 


I *Si -I 


-I 


u X 

\/!\/! 

/M/\t 

O I 



which win be fonnd to give the number and polarisation of 
the observed hnes as shown in Fig. 93 * These examples 
illustrate what is an essential feature of any quantum scheme, 
that the quantum numbers allotted to a term are a feature of 
that term, no matter into what combinations it enters. Thus 
*Si has the same m values, - 1, 0, i, in its combination with all 
three terms : similarly, the values allotted to the ®Pj 
terms give the correct selections and polarisations when we 
consider the combination of these ®Pj terms with ®Dj terms. 
It is this fact, of course, which constitutes the combmation 
principle. Particular attention is drawn to this, lest the 
significance of the fact that we can attribute quantum numbers 
in this way should be underrated. 

There are certain general empirical rules for the relative 
intensities of the Zeeman component lines When we are 
dealing with two terms which have the same number of Zeeman 
component terms (such as ®Si and ®Pi above, which each have 
three), then of the n components those which correspond to 
transitions at the edges of the arrow scheme are strongest, 
while of the o- components those which correspond to transitions 
at the middle of the arrow scheme are strongest. If we are 
dealing with two terms which have unequal numbers of Zeeman 
components (such as ®Si and ®P2 above, with three and five 
respectively), then the niles are reversed, the strong n com- 
ponents corresponding to transitions m the middle of the 
scheme, and the strong o- components to transitions at the 
edge. Sommerfeld and Heisenberg have shown how these 
rules can be derived in a quantitative form by applying the 
correspondence principle. 


* Except that in ®Pi - *5^ the theoretical scheme mdicates an additional 
undisplaced tt component, not observed. There is, however, no contradiction 
here, as consideration of the correspondence principle shows that this 
component (due to the transition m ^o-^m =o, while A/ =o as well) must 
be of mtensity zero. 
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Thanks to the labours of Land^ and others groups of quantum 
numbers m, such as we have indicated above, can be attached 
to each of the various types of term of ordered spectra. Any 
satisfactory quantum sdieme, however, must give the magni- 
tude of the displacement of the component lines as well as their 
number and polarisation. On the basis of our usual quantum 
theory, developed in connection with the normal Zeeman 
efiect, we should expect the magnitude of the terms to be 
eH 

simply mh . — : a glance at the above examples forces us 

to admit that this consideration is not valid in the present case, 
or else e g. the displacement of the n terms should be zero in 
all cases.* Neither will any one fixed multiple of m, applied to 
all m’s indiscriminately, no matter to what k and^ they pertain, 
give the observed displacements. 

We can, however, allot another set of numbers to the various 
Zeeman terms, one to each value of m, which will then give the 


m 





-1 \ 



l\/l 







*Si - *Pi resolution 


, {»). 4 


/ 



IV 1 \ 


-f 

-i 1 *1 

•Sx - ’P* resolution 


.(I). 3.5 

3 


displacements. Once more, the significance of this is that a 
given number belongs to a given term, no matter what com- 
bination it enters : this takes away the reproach that such an 
allotment is purely ad hoc, and without significance, m each 

• Where the quantum number m enters mto the formula vre wnte m* for 
the mass of the electron, to avoid confusion. This device seems to do least 
violence to the current notation 
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case. Tliese numbers (multiplied by the value of the dis- 

placement in the normal effect, viz. ^ 

magnitude of the terms, while the m’s determine the com- 
binations and polarisations. Taking our principal doublets 
again, we have the numbers tabulated on p. 519, which give 
the various term values as multiples of a>^k 

It wiU be seen that to get the value of the term, in multiples 
of cujA, we have to multiply w by a value which is constani for 
each type of multiplet term, i. 6 . by 2 in the case of the *Si 
term, by f in the case of the ®Pi term, and by f in the case of 
the ®P2 term. Tbis is a general feature of the anomalous 
Zeeman effect of all multiplet lines: to each undisturbed 
term ’T, a series of sub-terms can be allotted which give by 
combination with the sub-terms of another multiplet term 
the correct Zeeman resolution of the hne -^T^, and 
these terms can be derived by multiplying the m values 
(allotted so as to give selection and polarisation) by a constant. 
This constant is the so-called sphtting factor g. 

To describe in full the anomalous Zeeman' effect it therefore 
suffices to attnbute to each type of term two numbers 
(i) the maxitnum value of m, which implies all the others, 
since m will then have the values ±»»^, 

±(w„..,-2), ..., the final value being or 0 accordmg 
as is integer or half-integer (2) A number g, such that 
the magnitude of the terms ’T/ (the z mdicates Zeeman terms 
corre^onding to the undisturbed term ’T,) is given by mg 
Thus all the mformation embodied in the table just given 
can be expressed m short in the following table, which 
contains, for ready reference, the g, m„„ and J values for 
singlet, doublet and triplet S, P, D terms 


Term 

^So iPi in. 

•Si‘Pi*p,*n,*n, 


g 

» I I 

i i i i t 


■ 

0 12 

i i 1 t 1 

I 0 I 2 I 2 3 

J - - 

i I 1 

I I 2 2 3 

i J 1 i 3 § 1 


* See Chapter X., page 250 et seg. 
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The number of terms into whidi the term is resolved is at once 
obtained by multiplying the J value in question by 2 . 

The magnitude of g depends upon the particular term of the 
particular multiplet m question, that is, upon R, K and J. 
Land4 has shown that there is a comparatively simple general 
empirical formula givmg g in terms of these quantum numbers, 


VIZ. : 




R^-K^ 


This can be written in a S5rmmetrical form : 




The occurrence of the two values J ± J, R ±i, i? m place of 
J, R, K is particularly to be noted. If, for convemence, we 
wnte 


ij+i)u-h)=j\ {R+mR-h)=h {K+m-i)=K^ 


i.e take J as the geometnc mean between / + J and J and 
so for the other quantities, then the formula becomes 


^=1 + 




P 


+R^-K^ 



( 2 a) 


Smce Sommerf eld’s s=:R-^, ja=K-^, we have 

on his notation 


cr-T + + -;a(y« + l) 

^ 2j(j + l) 


(2b) 


The theoretical significance of the empincal regulanties so far 
descnbed will be considered further on in this chapter. 

Faschen-Back Effect. We have seen that the anomalous 
Zeeman effect can be expressed by a splitting of a given term 
into several terms on the apphcation of a magnetic field, the 
number and position of the new terms depending on K and J. 
The dependence on J means that the type of resolution in one 
sequence is different for different terms of the same multiplet. 
The effect of increasing the strength of the magnetic field is 
at first merely to mcrease proportionally the displacement of 
all the Im ps in the Zeeman pattern from the undisturbed 
position of the Ime, which can also be expressed by sa 3 dng 
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that, for fields below a certain strength, the term values may 
he taken as proportional to H, as expressed m formula (i). 
If this feature of the anomalous Zeeman effect were to hold 
true for fields of any strength, the effect of a very strong field 
on a close multiplet would be that each hne of the multiplet 
would be transformed 'into its characteristic pattern, well 
spread out, and the patterns would overlap, magnetic com- 
ponent lines corresponding to different multiplet lines being 
intermixed. Thus, even if the lines of an alkah metal P 
doublet were too close for resolution, the application of a very 
strong field should, if the effect were a magnification of the 
weak field effect, give rise to ten lines, six from one doublet 
line, and four from 'the other (cf the discussion of the sodium 
doublet), and, similarly, a close triplet would give nse to a 
still more numerous complex of fines. 

Actually the symmetrical magnification of the pattern due 
to a given multiplet fine does not contmue indefinitely with 
increasing field. As soon as the field becomes strong enough 
for Zeeman components due to the different fines of the same 
multiplet to approach one another, the patterns lose their 
symmetry, and behave, in fact, somewhat as if the various 
Zeeman components of the different lines were exerting forces 
of repulsion or attraction on one another This effect is well 
diown in Fig. 3 («), Plate VII, which is a photograph of the SP 
triplet AA 5204*67, 5206*20, 5208 58 of the chromium quintet 
system in a strong field, the upper part of the photograph 
representing o* components, the lower part n components 
The asymmetry of the pattern belonging to each line is clearly 
visible. 

As the field is still further mcreased a great simpfification 
takes place • the complex of all the lines due to the multiplet 
simplifies into three lines, constitutmg a normal Zeeman 
triplet, 4.C. the fines are equally spaced, separated by a wave- 
number gap proportional to the field, and polarised accordmg 
to the Lorentz rule. The central fine of the tnplet (re fine) 
appears at the “ optical centre of gravity ” of the multiplet, by 
which is meant the centre of gravity obtained by giving the 
individual fines weights proportional to their mtensities. This 
appearance of a normal triplet in very strong fields is called 
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the Paschen-Back effect, having been first obtained by these 
experimenters in 1912. 

When discussing this effect, we mean by a strong field not a 
field of a given number of Gauss, but a field strong enough to 
produce displacements greater than the normal separation of 
the multiplet lines : a field is weak if the Zeeman displace- 
ments are still small compared to the separations of the undis- 
turbed multiplet lines. Hence whether a field is weak or strong 
in this sense depends upon the multiplet in question: for 
mstance, for the dose oxygen PS triplet AA 3947-33, 3947-51, 
3947-61 a field of 30,000 Gauss is strong, while for the sodium 
SP doublet 2^5889-96, 5895-93 the same field is considered 
weak. A field of the order of 200,000 Gauss would be required 
to obtain something like the complete Paschen-Back effect 
with this doublet. Fields of this order are now feasible, 
having been produced by Kapitza, although only for brief 
intervals of time, of the order of one hundredth second 

To obtain greater definiteness we should, however, consider 
the terms, and not the Imes. It would be more correct to say 
that a field is strong when cu^ (which is the Av^ of the term m 
the normal effect) is large compared to the frequency separa- 
tion of the components of a given multiplet term. The 
frequency separation of the components of the initial multiplet 
term may, however, be quite different from that of the com- 
ponents of the final multiplet term mvolved in a quantum 
switch. If the field is sufficiently large to be strong for the 
more widely spread multiplet terms we have the Paschen-Back 
effect as descnbed above, but if it is large for the narrow 
multiplet term, and weak for the wide term, we have an 
intermediate effect which is called the partial Paschen-Back 
effect This partial effect will not be discussed in detail 

Voigt, m the days before the quantum theory, succeeded in 
giving a formal mechanical description of the Paschen-Back 
effect for a doublet, but as he treated the frequencies of the 
lines, and not of the terms, his theory needs considerable 
modification to bring it into accord with modem ideas 
Sommerfeld has replaced Voigt's theory by a quantum expres- 
sion for the terms, and Lande has somewhat modified this 
expression. The work which we shall now discuss is in the 
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■main a formal expression of the transformation of the pattern 
in a strong field, though an attempt is made to coimect it up 
with the model 

Taking first of aU the fieldless * multiplet, we may consider 
this as a kmd of Zeeman effect produced by the mtemal 
magnetic fidid of the atom itself on what would, in the absence 
of this field, be a siugle Ime. It may be assumed (and the 
assumption can be supported by general arguments) that this 
single line would be at the centre of gravity of the multiplet, 
as defined above, and if this assumption be made, it is clear 
that we should express the fiddless multiplet m terms of 
separation of the component lines from the centre of gravity, 
to which a wave-number Vg is attnbuted. This separation 
Landd takes as being a multiple of a quantity 0, which for a 
doublet is the difference of wave-number of the two components. 
He writes for the term 

v-Vg+yCl, 

y having a different value for each term of the multiplet. 
For higher multiplicities, even when Vg is ascertained, we can 
derive experimentally only y£l, so that there is a certain 
arbitreinness, within a constant multiple, as to the values 
taken by y and Q independently. The choice is dictated by 
considerations of analogy with the doublet case, which are 
relatively unimportant, and need not be here discussed, y 
depends, of course, on i?, K and J only, and not on n It 
bears a formal analogy to the splitting factor g in the true 
Zeeman effect, and I^nd6 has expressed it in terms of R, 
K and / by a formula similar to that for g f fhen bears a 
formal analogy to the Larmor constant (o^ 

On this basis we can express the anomalous Zeeman effect 
(weak field) by the formula 

v=Vg^yQ-\-mgo3s, 

the values of y and g bemg determinable by analysis of the 

* The German term is so convenient that I venture to introduce it, with 
apologies to any who may feel hurt. 

f The formula for g in a weak field has been already given on page 521. 

7^ — 

The corresponding formula for y in a weak field is = - 
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experimental values with, the limits of arbitrariness indicated. 
Thus y and g can be tabulated for given R, K and J. 

The efiect of a strong field is expressed by a change -in the 
values of both y and g. In the case of the doublets the natmre 
of this change is given by a formula derived by Sommerfeld 
from Voigt’s theory. In the general case the derivation of the 
values of y and g for a strong field (which we can write y, and 
g„ y^ and g^ being similarly the values for a weak field) is 
somewhat more complicated. Whereas g„ and y„ belong to a 
given fieldless term (they are fixed by R, K, J), and therefore 
by their nature are the same for all magnetic components of 
the term, g, and y, depend upon the value of m. However, 
the g’s and y’s are subject to a simple law referred to as the 
" permanence of the g-sums ” or " permanence of the y-sums ” 
respectively, which states that a sum of certam g’s or y’s is 
unaffected by change in the magnetic field. This sum is to 
be formed in the foUowmg way for a given multiplet system 
{R fixed) and a given sequence within the multiplet {K fixed) 
a value of m is selected. For this m value g (and y) will have 
a different value for each value of J (there bemg, e.g., three 
values of J for all tnplet sequences except S ; three values of J 
for P sequences, and four values of J for D and higher 
sequences in quartets ; and so on, as expressed in the schemes 
on pp. 506 and 509). If, then, the g’s for all the different /’s 
be summed, it is found that this value is the same for strong 
fields as for weak fields, and, incidentally, it is the same for 
intermediate fields. Symbolically expressed . 


field) 

any field) 


j- for fixed m, R and K. 


Thus, turning to the table on p. 527, which gives the very simple 
form of a P doublet, we take as an example K=^{P terms), 
wt= : for 7=2, wg„= wg,=o : for /=!, wg„= 
mgg=-i. Hence 

which, m being constant, accords with the above rule. The 
y rule can be illustrated from the same table. Of course, if 
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J has only one value, as for K—\, then g and y naust be un- 
changed by the passage from strong to weak field, in accordance 
with this rule. The reader can easily check the rule for more 
complicated cases by using the full table of mg and y values 
given on pp. 528, 529. 

Further, Pauli has given rules for derivmg mg^ and y^ from 
J, K and R, which, of course, express a dependence on m. He 
takes Wjg pertaining in some way to the core, 

and to the electron. Wjj and m^ are given individually by 
the following expressions : 

m^=m-{J-K)ioxm^R-K'\ ^ . 

m^=m-(R-J), m^=R-J ioTm:5:R~K} 

Then ingg=m^+2m^, 


and 


R' K' 


These rules can be used to describe correctly the Paschen-Back 
effect. Their mterpretation in terms of the model will be 
bnefly considered m the next section. The combmation of 
the terms is limited by the rule that only terms can combme 
for which namely, the m belongmg to the core, remains 
the same, ie. A>»^=o. As the rules are rather complicated, 
they will now be illustrated by a full consideration of the 
P doublet terms. 

For a P doublet the line - ®P2 is exactly twice as intense 
as The term has double the weight of the 

*Pi term, so that yi = -2y2 bi a weak field Smce is the 
separation between the two terms (or lines), y=\- for ^P^ and 
y= - for ®Pi The values for mg^have already been dis- 
cussed. For^Pj: R=x,K=^,J=t; for ^Pj R=i, K—^, 
J =2. Hence from formula (3) : 



»»> - J. 


m/i for 

-i 

m 

V, 


m + i 

ms for ‘Pj 

>»+^ 

0 

>P, 

w-J 

-I 
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It will be seen that for m = -i both columns give identical 
values, as they should. 

From these values the following table can be constructed. 
The values for the S term can be put in at once from the above 
considerations. For a given m a pair of values of mg, and of 
y are given, connected with an arrow. The first of the pair is 
the value for a weak field, the second is for a strong field, the 
arrow indicating that as the field increases there is a continuous 
transition. The values of m^g are given again for convenience, 
as they are wanted for the rule. 



We then have, as the scheme for the actual components m a 
strong field, omitting transitions for which Amg^o, 

-co/r 

jPi -<o„ -’fl 

®Sj - 0)/, 0);/ 

•/ / \ '-a 

®Pa «// 

Remembering that vertical arrows give components, obhque 
arrows <r components, we have finally, for the whole doublet, 

TT components at I'i, +o 

o- components at v* + iHH va - ±il2 

This represents a normal triplet with its centre at except 





628 VALUES OF mg AND y iN 

The values of mg are in every case printed above, the values of y below, 
strong field on the right. 
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enclosed in brackets. The value for the weak field is on the left, for the 
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that the cr components are represented each by two lines, 
displaced by -JQ to either side of the normal position of the 
<r components. 

Tandy’s formula leads, in general, to each line of the normal 
triplet being represented by a dose group of lines, whose 
separation is of the order of the separation of the original 
multiplet. Thus, proceeding in a manner similar to the above, 
we get for a P triplet : 

7T components at v,g +o 

cr components at vs ico//, Vs ioijy 

while for a D triplet (six lines ; see p. 504) we get : 

jT components at i/g +0, vg+o±i^^ 2 , 

a components at vs dbw^, vg 

I'g ±1^0* vg iw/r 2 

This feature of the theoretical description has not yet been 
either defimtdy confirmed or contradicted experimentally. 
In order to obtain the Paschen-Back effect a very dose multi- 
plet is always chosen, so that the field may be strong in the 
sense defined : this does not, of course, render it doubtful 
whether the effect takes place or not, since the separations 
produced by the strong field are considerable, and, if each Ime 
of the multiplet, however close, produced its weak field t5^e 
of pattern, a large number of well separated Imes would, 
generally speaking, be visible It does, however, render it 
doubtful whether the wing components of the tnplet which 
actually results are single lines, or complexes of lines separated 
by distances which are fractions of the width of the origmal 
multiplet. Thus the experimental result of applying a strong 
field to the oxygen PS triplet quoted on p. 523, whose total 
width is *28 A.U., is to produce a strong and definite n com- 
ponent, but weak and washy <r components, which may well 
consist of close hnes. In the field used, 32,000 Gauss, the 
distance of the wing components from the centre component is 
almost exactly the width of the original triplet. 

Experiments carried out by Kent some years ago illustrate 
the nature of the Paschen-Back effect very well. He worked 
with the lithium doublets, which are very dose, the difference 
of wave-length for the SP doublet A 6708, on which the main 
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work was done, being about -15 A.U. In a weak field the two 
lines showed a magnetic resolution exactly similar to that of 
the sodium D doublet, while in very strong fields a normal 
triplet appeared, the separation of the two <r components being 
about i* 85A.U. for 44,200 Gauss and 1-52 A.U. for 36,220 
Gauss, which is that given by the Lorentz formula.* These 
distances are greatly in excess of the width of the fieldless 
doublet. A point of great interest is that the effect of a 
gradually increasing field on the individual components of the 
weak fidd pattern was followed, and found to correspond 
closely to the details of the theory, which are illustrated by 
Fig. 94, prepared by Sommerfeld for the sodium D Hnes.f 



The obhque lines illustrate the way m which the weak field 
components blend and disappear to give a tnplet. Thus 
experimentally the enhancement of the inner components and 
the decrease in intensity of the outer components, the crossing 
over of the inner a- components, the sjnnmetry of the final 
tnplet about the optical centre of gravity S of the doublet, and 
other features exhibited in the figure were all established. 


* Av =4*7 X cm or AA = A.® x 4*7 x cms , if A be expressed in 

cms , and H in Gauss. AA = A® x 4*7 x A.U. if A be expressed in A.U. 

t The Paschen-Back effect has not been experimentally obtained with the 
sodium doublet, on account of the verv high field required. See p. 523. 
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The Quasi-Mechanical Modd. We have seen how it is 
possible to descnbe a large number of experimental results 
connected with the multiplet structure, and, in particular, the 
effect of a magnetic field on the multiplet lines, in terms of the 
quantum theory. In obedience to a fundamental postulate of 
that theory we have throughout based our considerations on 
term frequencies rather than line frequencies, and it has, in 
fact, been possible to express the wave-numbers of the com- 
ponents by the use of a restricted number of terms, m the case 
both of an external magnetic field and of no magnetic field. 
The attribution of quantum numbers to the tenns, and a 
provisional mechanical scheme of rotations, enabled us to 
apply the correspondence principle, and the selection rules so 
obtained give good agreement with experiment. The corre- 
spondence pimaple has also given satisfactory results as 
regards intensities in simple cases. The time has now come to 
take a general look at the problem of representing these results 
m terms of a mechanical model, or, in the generally accepted 
sense, explammg them theoretically. Although, as will soon 
be seen, the model which has so far been devised is not satis- 
factory, in that arbitrary and unmechanical rules are frequently 
invoked to help over the chasms which cross the road, it has 
very useful fimctions as a mnemonic. It does give some land 
of a meaning to many niles, and often it was by using such a 
model that rules were discovered For many minds even a 
bad model is better than no model at all, which is the alternative 
to which some are turning. 

Bohr’s original model, based upon the theory of multiply 
periodic orbits, has been briefly described in Chapter XI. The 
principal quantum number n involves a radial quantum number’ 
since at present we are concerned with moments only, we shall 
not need to refer to n further. The atom is considered to 
consist of a rigid core, exerting an axially symmetrical force, 
and an optic^ electron, each having its own moment of 
momentum, expressed by r and k respectively : these can be 
vectorially compounded to give j, the total moment of 
momentum of the atom. Throughout we express moments of 
momentum in terms of A/asr as unity, to avoid unnecessary 
writing of symbols. According to the ordinary laws of 
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mechanics, ia the absence of external forces, j must have a 
fixed direction in space, the vector framework of r and k revolv- 
ing round this direction. Thus, since the plane of the orbit of 
the optical electron is normal to the vector k, there is a uniform 
precession of the plane of the orbit, bringing in a periodicity 
additional to the two periodidties considered in the theory of 
the plane orbit. The three periodidties give, by the theory of 
multiply periodic orbits, n, k and ]. The model introduces 
four quantum numbers : n, k, r and j, but, the core being 
assumed rigid, the quantum number r — or, rather, its 
associated frequency — is not involved in the Fourier series 
for the electric moment of the atom. The number r serves to 
explain why k and j axe not equal, and to limit the possible 
values of all quantum numbers being, of course, on this 
simple theory, integers. The correspondence prindple can be 
at once applied to this straightforward scheme, and gives 
Ajfe= ± 1 , Lj=o or ±1, as explained m Chapter XL On this 
model the correspondence pnnciple recogmses only switches for 
which Ay=o, although experimentally a very large number of 
combinations between terms of different systems are known 
(cf. Hgj, with combmations for which Ar=2.) 

This model, in its origmal form, has proved unable to give 
a descnption of the properties revealed by the Zeeman effect. 
To preserve the selection rules, we have had to attnbute half- 
integer values to certam of the quantum numbers Agam, the 
number of components which a given orbit shows m the 
magnetic field is not consistent with the simple core-electron 
model. If we have a system consisting of a core acting, 
in the simple way assumed, on an electron, the number 
of stationary states in a magnetic field must clearly be 
equal to the number of stationary states of the core 
multiphed by the number of possible different stationary 
states of the electron in the field. Now for an alkah metal 
atom the core is of mert gas form : according to Bohr in the 
absence of any coupling forces the core takes one position 
only in the magnetic field, namely, with its moment set 
across the field, the K* group havmg, on the crossed orbit 
model, unit moment, and the other closed L, M groups no 

* Not to be confused with the quantum number K, 
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moment.* The electron, of moment k, can, in the absence of 
coupling forces, take up 2^+1 positions in the field, namely, 
every position of the vector k for which its projection on the 
direction of the magnetic field R is a whole number. Bohr, by 
whom these considerations were first put forward, excludes, for 
certain reasons, the direction across the field, so that he takes 
2k states, but whether 2A + 1 or 2k be taken is a minor point. 
With the one state of the core, this gives 2k states for the 
whole atom. From the experimentally observed anomalous 
Zeeman effect, however, it appears that there are 4^-2 states 
in all for an alkali metal atom in a magnetic field Expressed 
in Land 4 ’s notation, the number of states (terms) for a given 
/ is 2 7 ,t and, for a given k, J has two values, k and k-i, 
since J=K + ^, and K=k-\. Expressed in Sommer- 

feld’s notation, the number of states is 2^ +I and^ has the two 
values A-f, k-^, which hkewise gives 4^-2 as the total 
number of states, as, mdeed, it must, smce both Land 4 ’s and 
Sommerfeld’s schemes are in this case a direct formulation of 
experimental results. Hence the onginal Bohr scheme is 
insufSicient to account for the number of states observed, 
which is nearly double that which it predicts. The couphng 
between core and electron cannot be of the same nature as the 
action of an external field of force, but rather there must exist 
some additional constraint (or Zwang, as Bohr calls it) due to 
a non-mechanical stability of the atom, probably the same 
feature which finds expression in the postulate of the mvaiiance 
and permanence of the quantum numbers. One way of 
picturing the action of this constramt is to say that it leads 
to two positions of the core when it is part of an atom, 
whereas when it is without accompanymg electrons, it only 
has one.^ 

* Bohr's explanation of the lack of paramagnetic properties of the inert 
gases is that they have unit magnetic moment, as demanded by the K group 
orbits, but that the moment sets with its axis across the direction of the 
held m, as assumed above. Smce all directions of moment m the xy plane 
(the direction of the field being along the z axis) are possible, there is no moment 
for a large assemblage of atoms. Cf. Chapter XIV. 

t See page 521. 

J See, however, the discussion of Pauli's hypothesis of the electron with four 
quantum numbers, and the note on the spinnmg electron, later on in the 
chapter. 
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There are many other anomalies which are, no doubt, all 
expressions of the same fundamental difficulty as leads to the 
disagreement over the number of terms. On the simple theory 
r and A are integers, which means that j, the resultant, must, if 
restricted to an integer, always have an odd number of values. 
This would allow only odd number multiplets, and hence we 
conclude that half-integer values must be permitted. Again, 
if the Larmor theorem held, Le. if the moment of momentum 
in a magnetic field were given by the classical relations 

eH 

expressed in the formula (o„= :r-» magnitude of the 

4jrw*c 

terms in the anomalous Zeeman effect would be given by the 
values of m alone, and g would be i in all cases, instead of 
having a different value for each j and A. Further anomalies 
win appear when the occurrence of different spectral systems 
for the same atom is discussed 

It wiU now be as well to show what can be achieved by 
appl5dng to the old model new assumptions, which unfortu- 
nately often contradict laws hitherto 
accepted. Desperate positions demand 
desperate devices, and some of the 
suggestions which wiU have to be 
discussed may justly be so called. On 
occasions it has been deemed necessary 
to sacnfice classical mechanics, on 
other occasions to sacrifice classical 
electro-d3mamics ; if, further, a sacri- 
fice of logic be demanded we must not 
be distressed. We are groping our 
way in a very dark and difficult region, 
and if we can, at any rate, obtain 
regularities, it may help towards the 
light. 

Using Land^’s notation we take R, 

K, J for the model m place of r, k, 
j, J bemg the vector resultant of R 
and K, and we assume that a special 
coupling force exerted between core and electron, i e. between 
R and K, keeps this framework rigid in a magnetic field that 



Fig. 95. 

Vector scheme for quasi- 
mechamcal modeL 
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does not exceed moderate strength • the weak field does not 
control JR and K separately, but acts upon J. 

In Fig. 95 OM is the direction of the magnetic field H, and 
OA, OB, BA are J, R and K respectively, the plane of OB A 
not lying, m general, in the plane MO A. The effect of the 
field is, by assumption, to leave the magnitude of J unaffected, 
but to change its direction, so that it describes a cone of half 
angle 6 about the direction of R, the angular velocity being 

sH 

given by Larmor’s formula «)j= s-. On classical theory 

the additional kinetic energy due to the rotation is 

AE=27to)s cos 6 . 7 , ( 4 ) 


as follows at once from the ordinary laws of mechanics, remem- 
bering that the additional angular veloaty, due to the magnetic 
field, about the axis of / is znco^ cos $. If which is Aeo, 
should be large, a term in must, of course, be added 
to the above expression, but we are not concerned with such 


cases. 


We can quantise the direction of the total angular momentum 
by restncting the resolved part of J along ff to be a whole 
number m tunes A/aw or 


7 cos 0 = 


mh 
2n ’ 


cos 6 = 


mh 

znj 


( 4 ) becomes AE^^oi^mh, 


or (5) 

If the selection principle, Am=o or ± 1 , as deduced in 
Chapter X. be used, this gives the normal Zeeman effect. 
Aw=o corresponds to a polarisation parallel to the field, and 
Am= ±1 corresponds to circularly polarised emissions which 
appear as linear polarisation normal to the field for transverse 
obsCTvation. It should be noted that the quantum number m 
gives the resolved part of the mechamcal angular momentum 
along H, this mechanical momentum bemg that denved by 
applying Larmor's theorem. The anomalous Zeeman effect 
shows, however, that this reasoning will not give the correct 
change in energy due to the magnetic field. 
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We now consider the extension of the model to the anomalous 
effect. The magnetic quantum number m must retain its 
meaning, expressed in (5) : in particular Aw=o must give 
3t components, Aw= ±i must give or components. The 
preservation of the selection and polarisation rule is the main 
object of allottmg to a given term, *Tj, values of m which 
differ successively by unity. The magnitude of the energy 
change AE due to the magnetic field is, however, no longer 
given by matsK but by gnuo;^, the value of g depending upon 
K and J, and the values of m are half-integer for even multi- 
plets. One experimental fact, to which the splitting factor g 
gives expression, is that the terms no longer have their magni- 
tude fixed by the value of m alone, as in the case of the normal 
effect, but J, K and R are also involved. The analysis of 
experimental results leads to a given number of terms for a 
given J (or j), which number is clearly 2>n„.„ + i. Tummg to 
the model, it is obvious that if the resultant moment J (expressed 
in terms A/ax as unity) can place itself parallel to the field, 
then = J, whereas if, as on Land^’s scheme, half-mteger 
»t’s are allotted to sequences for which J has mteger values, 
and integer w’s to sequences for which J has half-integer values, 
then Wjnajt must always be less than J by J, or 

Hence on Tandy’s scheme the total number of terms which 
the magnetic field produces for a term of given J is 2 J. On 
Sommerfeld's scheme, which allows the total moment of 
momentum to set parallel to H, m and ] are mteger or half- 
integer together, and the total number of terms is 2^ + 1. The 
number of terms obtained for a given fieldless term by analysis 
of the anomalous Zeeman patterns gives m many cases the 
surest way of fixing the value of J (or j) 

To explain the appearance of the sphtting factor g we are 
forced to appeal to some non-mechanical relation between core 
and electron, or to some non-mechanical property of the core, 
or of the electron, rendered evident by the magnetic field. It 
may be said that the precession is given by instead of by 
Larmor’s a>^. Or we may refer the effect back to the core, as 
will be seen. 
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Land^’s expression of empirical fact is 

two values each for J, R and K, differing by unity, appearing 
in a formula which gives g for one value of J, R and K. This 
has also been expressed in the form ♦ 


g=i + 




(aa) 


Driven by geometrical desire, we take in Fig. 95 , f,R,Kia. 
place of J, R, K ; then 


g=i + 


R cos y> 
? . 

J 


Using •y=cosfl, 

then fng= J cos 6+R cos 0 . cos ip. 


6 and f are constant throughout the motion, but H, J, R are 
not, in general, coplanar. R and K precess uniformly round J. 
From this the average value of cos {RH) over a cycle is 
cos d cos ip, as can easily be seen by wntmg down direction 
cosines for H and R with respect to / and associated axes. 
Therefore mg =J cos d +R cos 6 .cos ip 

=R cos {RH) +K cos {KH) +R cos RH) 

=K cos (KH) + 2 R cos RH, ( 6 ) 

the bars denoting average values over complete cycles. On 

the other hand, if in the magnetic field K and R were to obey 
Larmor s formula we should have m simply equal to the sum 

of the resolved parts of K and R along H, averaged over a 
cycle, or 

m=K cos KH+R cos (RH) ( 7 ) 

* See page 521. 
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Compaxison of (7) and (6) shows that the existence of a splitting 
factor g whose value is given by (aa) may be explained by 
attnbuting to the core a moment due to the field whidi is 

twice that to be expected, i.e. 2oi^ instead of eoj^iS. It should 
be noted, however, that to derive this it has been necessary to 
make two modifications, of obscure import, m Bohr’s origioal 
scheme . {a) to introduce R and K instead of r and k ; (b) to 
replace R by + and to modify K and / in a 

similar way, making the expression for g depend upon two 
values, differing by unity, for R, K and J. It may be remarked 
that this point seems to be so fundamental a feature of the 
newer quantum theory that Heisenberg has modified the 
formal rules of the theory in order to account for it * 

So far no explanation has been found as to why the core 
possesses a double magnetic moment. Experiments in the 
so-caUed magneto-mechanical effect, described in Chapter XVI, 
have, however, also mdicated the necessity of ascnbing to the 
atom an anomalous magnetic moment 

Intervals and Intensities. The model can be used to obtain 
other relations which accord with observation. We will first 
consider the intervals between the hnes forming fieldless multi- 
plets. Our assumption has been that the energy of the atom 
as a whole consists of (a) the energy of the core, (6) the energy 
of the series electron, (c) the energy of interaction between 
core and electron, due to the couphng forces between the two, 
of the nature of a potential energy. To the existence of these 
coupling forces the quantisation of the possible inchnations of 
the orbit with respect to the core must be attnbuted, Lande 
makes the reasonable assumption that this energy of inter- 
action (c), due to a force which tends to make the Erection of 
the moment of the core and of the electron coincide, is pro- 
portional to the cosine of the eingle a between R and K If 
this be allowed, then for a given sequence, i e fixed value of 
R and K, the differences between terms will be proportional to 
the differences between permitted values of cos a. The 
permitted values are those that make J an integer or half- 
integer, as the case may be, 

* The new mechanics of Heisenberg, Bom and Jordan automatically 
introduces this modification. 
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Thiis, if C be a constant of proportionality, and be the 
interval between two terms, characterised by and 

respectively, of same R and K ; 

CAraj=cos„ {RK) -co% (RK) 

Ji-K^-R^ J,^-K^-R^ 

2 KR 2 KR 

~ 2 KR ’ 

or, withm a group of terms belonging to a given multiplet 
sequence, Av^j is proportional to {Jb+J^Ub “JJ- 
On Land^’s scheme J has integer values for even multiplets, 
half-integer values for odd multiplets. We must give J values 
I, 2, 3 ... in the former, values ■^, f, ... in the latter case ; 
this gives the intervals between successive terms — 

for even multiplets 3 : 5 : 7 : 9 : ... 
for odd multiplets 2:4:6 8 : ... 

Thus when the three terms of a P triplet sequence combine with 
a single term of another sequence the interval between the three 
resultmg lines, taken in pairs, should be as i . 2, since the values 
of J are I-, -I. When the three terms of a i) triplet sequence 
combine with a common term the intervals diould be as 2 3, 
since the values of / are |, |, -I. This is approximately tnie : 
for instance, in the Ca^ triplet i ®Po^ 1, 2 “ 2 2, 3 qii^oted on 

p. 504. AsPoi A®Pi2=52'I 1059=1 203; 

while A®Z)i2. A®£)2,=3 7 56=2 303. 

Many other spacings can be brought forward to support the 
scheme of term intervals ]ust derived Hicks has criticised the 
rule, and found many cases which do not fall into line with it. 
Nevertheless, it enjoys a significant degree of success. 

The intensities of the Imes of a multiplet are also instructive, 
from the point of view of the weights of the terms If we 
regard each of the positions in the magnetic field as represent- 
uig an equally probable state, then 2 J will give the a pnori 
probabihty of a term of quantum number J where there is no 
field, since 2J is the number of sub-terms, and an adiabatic 
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transformation does not change the a priori probability. If we 
consider the lines arising from combinations of the terms of a 
group of given J with a common term, then it is reasonable to 
suppose that the intensity of the diff erent resulting lines should 
be proportional to the weights of the corresponding different 
terms. Thus the SP doublet terms of the alkali metals arise 
from a combination of “Pj and ^Pj with * 5 ^. For *Pi we have 
J=X] for ®Pa we have /=2, and hence the weights are as 
I to 2 ; or the ratio of the intensity of the line i to 

that of I (the ratio of Pj to in the sodium doublet) 

should be as i to 2. In the case of the triplet ansing from a 
combmation of the three ®P terms with a given single term, 
since J =-|, f, •^, the intensities should be as 5 : 3 ; i. Now 
Burger and Dorgelo m Omstein’s laboratory have used the 
methods worked out by Moll and Omstein to measure the 
relative intensities of lines of several types of multiplets, and 
have found experimentally the simple relationships just deduced 
from the J values for doublets, and for triplets arising from 
the combination of a group of triplet terms with a single 
term The J rule has been further confirmed for a variety 
of types of multiplet terms combinmg with a single (or a very 
close multiple) term. This shows that the attnbution of a 
space-quantisation meaning to J has a wider scope than might 
be expected. 

Further success, however, has been obtained in mterpreting 
the relative intensities in terms of the J’s, for a scheme has 
been devised which mcludes satisfactorily the hnes resulting 
from combination of a multiplet term with a multiplet term. 
In the case of a compound multiplet there will be a certain 
number of Imes for aU of which one of the two terms mvolved 
m each hne is the same. If the intensities of these hnes be 
added together, and the same be done for all groups of hnes 
havmg a common term, then these sums will be proportional 
to the weights of the correspondmg common terms. This is 
known as the intensity summation rule, and wiU now be 
illustrated by examples. We take first the case of a compoimd 
doublet, t.e. a doublet m which both terms have been resolved 
mto two, and, to particularise, let it be a ®P doublet of the 
alkali metals. For the two ®P terms J is respectively i and 2 ; 
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for the two •£) terms / is 3 and 2, and the weights, being 2 J, 
are proportional to these numbers. Three lines anse from the 
two pairs of terms, the fourth bemg forbidden by the J selection 
principle, viz. ®Pa-®D2, To satisfy the 

summation rule it will be found that we must attribute to 
these lines intensities in the ratio 5:1:9, and we exhibit the 
result in the following way : 


Sums 

9 

6 


5 

0 

5 


lO 

9 

I 





Terms 


In the column to the extreme right are written the P terms, 
in the row at the bottom the D terms. In the square in the 
middle are written numbers proportional to the intensities of 
the lines, a given intensity bemg placed at the intersection of 
the row and column through the two terms involved (Thus 
mtensity 9 belongs to the hne *P2 - *£>3.) Intensity o repre- 
sents, of course, the forbidden transition ®Pi - ®I>s, for which 
A/ =2. Above are wntten the sums of the intensities added 
m columns : to the left the sums of the intensities added in 
rows, and it will be seen that the numbers so obtained are 
proportional to the weights of the terms wntten opposite, the 
7 ’s for which are given by the suffixes. Thus 9 6=3 '2 
(P terms) while 5 . 10 = i 2 (P terms) . Actually the intensities 
can, m this simple case, be calculated so as to give the nght 
sums, and there is no element of arbitrariness in the ratio of 
the intensities, once the summation rule is assumed. The 
intensities have been measured for such a doublet, eg for a 
caesium i ^Pj - 2 doublet, m Omstein’s laboratory, and the 
ratio 5:1:9 accurately confirmed, and further measurements 
have been made by Dorgelo and by Frenchs which confirm 
the summation rule. 

The summation rule has also been applied with success to 
compound triplets. In this case, however, the rule does not 
suffice to fix mathematically all the mtensities from given J's, 
although measured mtensities will fix the J’s. We may 
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illustrate this by the case of a sp - »I) triplet. For the ®P terms 
J f ' i • for forms J f From these /s the 

intensities can be calculated as given in the following scheme . 


Sums 

63 45 27 

(2/) 

15 

15 

I 

45 

43-* * 

•Pt 3 

75 

63 X 12 -X 

*p. 5 



Terms 

(2/) 

7 5 3 

1 



Here, again, it will be seen that the sums of the colmnns are m 
the ratio 7 : 5 : 3 of the weights, 2j(=2; + 1), of the *£> terms, 
and the sum of the rows in the ratio 1 : 3 : 5 of the weights of 
the ®P terms. There is, however, an unknown x involved in the 
intensities. If we put x=ix, so as to make the intensity of 
the weakest line i, we have for the intensities : 


15 


24 


■ 

25 


which are m 


as against the 


34 II 

the same 

54 175 

experimental 

54 19 


ratio as 


values 


63 II I 


100 17516 


100 18 I 


This is the case of the calcium i ®Pj - 2 triplet given on 
page 504. A large number of measurements on compound 
tnplets have confirmed the vahdity of the summation rule in 
these cases. 

The rule just discussed includes an earlier mtensity rule due 
to Sommerfeld, which is very useful for qualitative application. 
This states that in a given multiplet those lines are strongest for 
which k and 7 (or, of course, K and J) change in the same sense, 
while for the weakest lines k and 7 change in opposite senses. 
This rough rule can easily be checked on the above example. 

It has been seen that for tnplets and higher multiplets there 
is an element of arbitranness in the prediction of intensities by 
the summation rule, since the values of the /’s do not suffice 
to determine all the intensities, i.e. an unknown x has to be 
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introduced. Attempts have been made to arrive at more 
comprehensive results by invoking the correspondence principle. 
By its essence the prmaple provides exact results only when 
the change of quantum number mvolved in a quantum jump 
is small compared to the quantum numbers themselves, which 
is not generally the case with the multiplets in question. In 
other words, we are confronted with the problem as to whether 
to use the initial or final /, or a compromise. It would seem, 
therefore, that ordinary considerations of the correspondence 
principle cannot replace the summation rules, but, by deter- 
mining the order of the intensity ratios when the initial and 
final quantum numbers are both large, can provide a general 
scheme to be supplemented by the summation rule. Such 
generalisations have been made by Sommerfeld and Honl, and 
by Elronig. R. H. Fowler has since shown that by a refined 
application of the correspondence principle a theoretical mean- 
ing may be attached to the summation rules, so that in a certain 
sense the correspondence principle may be said to include these 
rules. 

TTie chief point which we wish to emphasise by quoting these 
rules is that not only the Zeeman splittmg, but also the intervals 
and intensities, go to demonstrate that J has a real meaning, 
and that its allotment is not so arbitrary as might at first 
appear When arguments are being based on the value of J 
it is well that this should be borne in mmd 

Theory of Pascben-Back Effect Duplicity Scheme. On the 
core + electron model, the Paschen-Back effect is explained 
by assuming that in a very strong external field the inter- 
action between core and electron is overcome, the field, as 
it were, takmg complete control, so that both core and electron 
set themselves mdependently in such a way as to make the 
projection of the moment of momentum m the direction of 
the field an integer or half-integer, as the case may be. Instead 
of aUottmg a single quantum number m to give the projection 
of 7 in the direction of H, we must, when K and R behave 
independently, allot two quantum numbers, to give the 
projection of R, and to give the projection of K, 

cos (KH) =^, cos {RH) =^. 

A K 
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In the case of a weak field, the coupling between R and K is 
the controlling factor, and the vector triangle RK J behaves as 
a rigid framework, the angle between R and K remaining 
constant with the time as the whole rotates about J, J itself 
rotating so as to make a constant angle with H, and thus 
’describing a cone. The frequency of rotation is given by gca^, 
which, as we have seen, is, on the h57pothesis stated, equivalent 
to giving to the electron its normal magnetic moment, but to 
the core a double moment. In the case of a strong field the 
“ natural ” coupling forces are negligible, and it is to be 
supposed that the core rotates with a double frequency, 
the electron with a normal frequency : J then varies with the 
time, since R and K no longer keep in the same plane, the 
forces that tend to make them do so being now negligible.* 
Hence in this case J is no longer an action variable at all, and 
so is incapable of quantisation. The energy of mteraction will 
stiU be given by the cosine of the mclination of R and K, 
which inclination is governed by the eictemal field, and must 
be assinned, on our ordinary quantum basis, to be fixed by the 
time mean of cos {RK) over a whole cycle. This energy of 
interaction is what we have expressed by y : m a weak field 
this y expresses the energy due to the fixed angle of inclination, 
so that, as we saw, in the case of a doublet term 

(8) 

In a strong field y =mean value of cos {KR) 

=cos {KH ) . cos {RH), 

]ust as, in deducmg the g value for the weak field, the mean 
value of cos {RH) was cos 6 . cos y, so that 


R‘ K' 


( 9 ) 


As regards the g value for the strong field, by defimtion the 
additional energy m the field is given by mga^. The energy 

* The effect of a weak field may also be expressed by saying that, in this 
case, the forces of interaction being the controlling feature, the frequency of 
rotation of / is a kind of compromise between that of the core and of the 
electron. 


A.S.A. 


2M 
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of the electron in the magnetic field is given by and of 

the core is so that 

or mg,=m^+2mjg^ (lo) 

(9) and (10) are the formulae given on p. 526 in discussing the 
Paschen-Back effect. The values for and m terms of R, 
J and K, given in that discussion, have been deduced by Pauh 
from this model, but the calculation is very intricate. That 
m^=m - Wjjas implied by the formulae, is obvious from Fig. 95, 
and is, of course, an immediate consequence of the adiabatic 
invariance of the moment of momentum of the atom about H. 

There are, of course, certain grave imperfections in the 
mechanical model. We have, for example, to consider the 
difficulties connected with the choice of k for the orbits, which 
has to be taken sometimes as an integer, sometimes as a half- 
integer. Sufficient stress has already been laid upon the 
difficulties presented by the simultaneous existence of the 
relativity and the shieldmg doublet, both for optical and for 
X-ray spectra. In addition to n we require two quantum 
numbers to represent the doublets, and (or k and;). If 
we take Aj, the ordinary azimuthal quantum number, to give 
the sequences (puttmg =1, 2, 3, 4 . . . for S, P, D, F . . .), then 
we shall have the same for both terms of the relativity 
doublet. We are thus at a loss to explain why the relativity 
formula, based upon the energy differences of orbits of the 
same n, but different k, should hold. If we take the differences 
of to give the relativity doublet, that is, if we take different 
values of k for one and the same sequence, the whole periodicity 
scheme, with its correspondence and selection rules, is im- 
perilled. The predicament is grave. 

Heisenberg has made a determined attempt to devise a 
scheme which shall accept the duplicity of behaviour to which 
we have so often directed attention, and make it a fundamental 
feature of the quantum theory. He definitely abandons any 
attempt at a mechanical or quasi-mechanical model as far as 
the dilemma in question is concerned, and this makes it some- 
what difficult to get accustomed to his method of presentation. 
It is by no means certain that the scheme put forward will retain 
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a place in the quantum theory : it seems likdy that the very 
difficult ideas involved will be replaced by others at the fiamft 
time more general and more predse. However, a brief descrip- 
tion of Heisenberg’s suggestions may help to classify and empha- 
size the existing difficulties, and so pave the way for the inclusive 
theory that is to come. 

We consider jQrst of all the doublet system, given by an inert 
gas core and one electron, postponing the general question of 
the multiplet systems. Heisenberg divides the energy of the 
atom into three parts, that of the electron itself, that of the 
core itself, and an energy of mteraction. This energy of 
interaction does not exist on the original Bohr scheme : it 
originates in the constraint [Zwang) to which reference has 
already been made. It depends upon some forces of a mysteri- 
ous non-mechanical nature. He then assumes a kind of 
redprocal duplidty * that is, with a given stationary state 
of core and of electron not one, but two, possible energies of 
interaction are compatible, and, conversdy, compatible with 
any one value of the energy of interaction are two, not one, 
stationary states of the atom as a whole. This demands the 
simultaneous existence of two azimuthal quantum numbers, one 
an mteger and the other a half-integer, which we denote by k 
and K as before, although these S 5 nnbols no longer necessarily 
retain in all cases their precise former significance. 

There are two ways m which the duphcity may be 
supposed to occur . either the electron acts on the core 
in some occult way so that to each stationary state of 
the electron correspond two stationary states of the core, 
or the core may act on the electron, so that to one 
stationary state of the core there correspond two stationary 
states of the electron. These two schemes, called by Heisen- 
berg Scheme I. and Scheme II. respectively, are not mutually 
contradictory, but complementary. One explains one set of 
facts, the other another set, and both must be taken together 
to get a satisfactorily complete representation of experimental 
fact The two values of the electron energy obviously corre- 
spond to the relativity doublet theory : the two states of the 
core correspond, will be seen later, to the case of Landds 
inclination hypothesis, by which the different systems are due 
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to different cores. The two schemes are a formal rearrange- 
ment of the known facts, and are to be regarded as such. 

Taking Scheme II. first, the inherent energy of the electron 
Eo (“ own ’’ energy) is a function of n and k. A sequence of 
integer values is chosen for this k, while K, for which 
half-integer values are chosen, represents the energy of inter- 
action Ef. To give the duplicity, we then have the following 
scheme : 


For£,: 


For E, , 




To understand the scheme it should be noted that to every 
value of the interaction energy except the first {K—^) corre- 
spond two values of the inherent energy, while to every value 
of the inherent energy correspond two interaction energies. 
If we regard the K’s as fixing the sequences S, P, D, F , 
as on Land^’s scheme, then correspondmg to each sequence 
(except S) we have two integer k's for the energy of the 
electron itself. Two different integer k‘s give a relativity 
doublet, VIZ. i and 2 for the P doublet, 2 and 3 for the D 
doublet, and so on. This scheme, then, expresses the relativity 
regularities, and shows in a neat form the necessity of invoking 
both integer and half-mteger values of the azimuthal quantum 
number. It cannot, however, give any account of the corre- 
spondence and selection principles, since these are based upon 
an electron movmg m a periodic orbit characterised by a single 
k (in addition, of course, to n). 

To express the valuable results deducible from the electron 
in a periodic orbit Scheme I. must be considered, where the 
electron energy has a single value corresponding to one mter- 
achon energy, but the core energy has two values. The doublets 
are given by the hypothesis that different inclinations of the 
electron orbit with respect to the core give different energies 
for the atom as a whole, the number of possible inclinations 
being aR, where R is the core quantum number, as on Land6’s 
scheme. Actually, as the doublet system is the only system 
for the alkali metals, only one value of the core energy, R=i, 
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is needed. For formal reasons connected with the branching 
rule which wiU soon appear the two possible values R=o and 
i? = I are assumed for the core, 2? = o having no physical mean- 
ing (a system of zero multiplicity). The sequences are given 
by K =-J, , as far as the interaction energy, the com- 

pounding with R, is concerned, since Tandy’s R is adopted. 
For the electron orbit itself, as concerned in the correspondence 
and selection principle, integer values of k can be taken : the 
electron has a single inherent energy. On this scheme the two 
whole numbers written down as correspondmg to each different 
value of K (i and 2 for 2 and 3 for K=^, and so on) 

represent the / values for the doublets. Scheme L is an expres- 
sion of the inclination h3q)othesis analogous to the representation 
of the relativity hypothesis given by Scheme II. On both 
schemes the energy of interaction is given by half-integer K’s, 
while integer values of k are adopted to allow the results of the 
theory of periodic orbits to be mcluded. 

Heisenberg extended his dupliaty considerations to the 
magnetic properties of the atom. We wiU content ourselves 
with mentioning that he connected the anomalous magnetic 
properties with the inherent energy of the electron, since this 
leads to an interesting way of derivmg straightway the values 
of g for the case of doublets, g expresses, from the defimtion, 
the ratio of the actual magnetic energy to the energy to be 
expected on mechanical grounds, if the Larmor theorem held. 
Now, stnkingly enough, the result of dividmg an mteger k by 
a half-integer K coimected with it is to give the g value for the 
term belonging to these particular values of k. This is clearly 
expressed in the following scheme which is given as a mnemonic 

For E^: k I 2 3 

l'=2/ g=^ '' g=i 5’ = ?/ 

/ \ / \ / 

For : K \ j « 

The question of the ^’s or J’s is most simply settled by 
defining j, which gives the total moment of momentum of the 
atom, as the total number of permitted positions of the axis 
of total momentum in the magnetic field. We have seen that 
on Sommerfeld’s scheme this number N= 2 j + 1 orj ={N - 1)/2. 
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According to Land^'s scheme J=Nl 2 . This defines J or j 
uniquely. However, Heisenberg, basing himself on the fact 
that the g formula has indicated not one, but two values of J 
to determine the enigmatic couplmg between core and electron 
(m the formula for g the expression (/+ i)(/ - i) occurs where 
we diould expect J® from the mechamcal model), has shown 
how the quantum conditions may be made to depend on two 
values of J, not one. In this connection, it should be remem- 
bered that when an electron is added to an atom of atomic 
number Z, inner quantum number J, making an atom of 
atomic number Z+i, we do not get J as the moment of the 
core, as we should expect, but two values J+^, J as 
expressed in the branching rule to which reference is made in 
the following pages. 

To introduce the two J values Heisenberg defines an integral 

invariant F=^HdJ, H beiag the Hamiltonian function, 

expressing the energy of coupling, determined by the moment 

dF 

of momentum J. Then obviously on the ordinary 

theory. Instead, however, of a differential coefficient in this 
last expression, Heisenberg suggests taking a ratio of finite 
differences : for the infinitesimal dj we are to take 


and correspondingly 3E becomes F{J + ^) -F{J That is, 
the different values of the energy corresponding to a fixed n 
and k are determined not by a single quantum number /, but 
by two J’s, differing by unity. The coupling energy of electron 
(or, in the case of many electrons taken together, of electrons) 
and kernel demands a pair of quantum numbers for its expres- 
sion. This is a new conception m the quantum theory, and 
the advantage claimed for it is that the innovation, difficult as 
it is to provide it with a physical meaning, seems to give a 
suggestive expression of the difficulties to which Bohr's prmciple 
of successive additions led, namely, the fact that the weights 
derived from the principle do not agree with the facts of the 
anomalous Zeeman effect. Further, it can be made to explain 
the pennanence of the g sums, and allows us to see how the 
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multiplicities observed for elements of different columns in 
the periodic table arose. The permanence of the g sums is 
obtained by Heisenberg by appl 3 nng the Hamiltonian method 
to the new quantum principle. The scheme for multiplicities 
can be simply expressed as follows : 

Taking Tandy’s R and K, we have for doublets, since each of 
Tandy’s J’s now becomes J ± 

R I 1 I 

^ i I I 

/(Lands) i p ^ 3 ® 

/(Heisenberg) f*~~i T ~T~^ 

The rule K +R^J^ | if — 1?[ is clearly obeyed, allowing K 
and R to be parallel to one another as extreme cases, which 
seems natural, but which is excluded on Tandy’s original 
scheme, where the J’s are whole numbers for doublets. It is 
true that the parallel position is allowed on Sommerfeld's 
scheme, but there the moment of the S state has to be taken 
for R, and /„ for K. The scheme of two values of J correspond- 
ing to one value of R leads also to a general expression for the 
multiplets (* e. an expression of the branching rule) as a con- 
sequence of the prinaple of successive additions. If the S 
term state becomes the core for the atom of the next higher 
atomic number, then the / of the first atom becomes the R of 
the next atom, and we have both i? = f and 12=^; R=f giving a 
triplet system, and R = i giving a smglet system. For the S 
state when R=^ we have J =2 or i ; when R=^ we have 
J=xoTO,i e. for the whole second atom /= 2 , i or o. This in 
turn leads to quartets and doublets for the next higher atom, 
since R=o has no physical significance. The scheme can be 
expressed as follows : 

Potassiumi (^S state normal) R 

J 

Calciumj R 

J 

Scandiumi R 


I 

(Doublets) 

I i 

i i 

(Triplets) (Singlets) 

2 II o 

^ ^ J, ^ 

2 II O 

(Quartets) (Doublets) (Nothing) 
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This attribution of multiplicities is in accordance with the 
anal3^s of experimental data. 

The change of J is, m general, e3i5)ressed in Heisenberg and 
Tandy’s branching rule [Verzwdgungspnnzip). Consider an 
atom A, of atomic number Z, which is succeeded in the 
periodic table by an atom B, of atomic number Z+i, 
formed from A by the addition of an electron. The 
branching rule la3rs down that if the x states of A are 
characterised by values of J which are Jx, /g . - • /«, then, 
the atom B possesses S terms characterised by values of J 
which are Jx ±ir, /g ±i, • • • Ja The multiplicities expressed 
in the tables on page 435 obviously follow from this. 

Dd^tion of Anomalies to Electron. The atom can be con- 
sidered to consist of a closed, inert gas structure, which we have 
called the kernel, and certain outer electrons, the valence elec- 
trons : alternatively we can consider it as consisting of a core, 
comprising all the electrons but one, and an optical electron. 
In all cases but the alkali metals, where core and kernel are the 
same, the core will consist of the kernel and certain other elec- 
trons : in general, it is the singly charged positive ion of the 
atom in question. 

Heisenberg, Russell and Saunders, and, following them, 
Hund, have obtained valuable results by considering the kernel 
plus valence electrons scheme, and take all the outer electrons 
as possessing together a moment of momentum characterised 
by a quantum number I ; this moment of momentum can have 
more than one value for a fixed number of electrons, such 
electrons possessing each a fixed h, accordmg to the various 
possible ways in which the orbits of the electrons can be 
spatially quantised with respect to one another. It is clear, 
without considering details, that the more outer electrons 
there are, the greater the number of possible values of I, so 
that we have here an indication of the way m which the many 
different systems of spectral terms can occur. On this scheme, 
the interaction of I, as a whole, with the kernel has to be con- 
sidered. It is equivalent to the assumption that the interaction 
of the outer electrons with one another is large compared to the 
interaction of the single electrons with the core. We may refer 
to it as the kernel scheme. 
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On the other hand, it is often possible to reach very 
important results by considering aU the outer dectrons 
but one, taken with the kemd, as forming the core : this 
corresponds more directly to Bohr’s piindple of succesdve 
additions, each whole atom acting as the core of the next 
atom in order of Z. In this case we have various pos- 
sibilities for the core, according to the way in which the core 
dectrons are arranged about the kemd. Physically this 
separation of the atom into a core and a single dectron, which 
we may call the core scheme, implies that there is one single 
dectron much more loosdy coupled to the other outer dectrons 
than any other, so that these outer core dectrons are coupled 
to the kemd more tightly than to the single dectron. The 
Land^Hdsenberg branching rule is consonant with this 
scheme. Which of the two methods, the core or the kemd 
scheme, better corresponds to the fact dearly depends upon 
the atom under consideration. For certain problems the 
simpler scheme of the single privileged dectron suffices, but 
for others, more particularly the term stmcture of the complex 
spectra, the mteraction of aU the outer dectrons must be taken 
into account. Even with one atom it is possible for the deeper 
terms to correspond to one scheme, the remoter terms to the 
other, since the interaction of the electrons with one another 
may vary, as compared to that of the dectrons and the kemd, 
according to the orbits occupied. 

We proceed to consider attempts which have been made to 
state the observed regulanties in simple arithmetic form. Of 
explanation in the normal sense of a valid mechanical modd, 
there is hardly any question, since the laws both of mechanics 
and of the origmal Bohr theory are fredy broken in the hypo- 
theses by which the stmggle forward is supported. The 
immediate problem is to find cookery recdpts, rather than 
physical prinaples, for compoundmg and sdectmg and 
combinmg quantum numbers. 

Pauh has obtained significant results by a method which falls 
under Hdsenberg’s Scheme II.* He is particularly anxious to 
retain the piindple of successive additions, and troubles little 

* Pauli's paper was written before Heisenberg's classification was published, 
so that he does not make use of Heisenberg's nomenclature. 
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about the theory of multiple periodicities and the correspond- 
ence principle, and hence Scheme II., with its duplicity of the 
inherent energy of the optical electron is indicated • he throws 
the anomalies upon the electron itself. He is mainly concerned 
with the deduction of the number of possible states for atoms 
with different numbers of outer electrons, and relies on the in- 
variance, during an adiabatic transformation, of the statistical 
weights of the various quantum states to derive the number of 
fiddless states from the case of the strong external field, which 
introduces a certain simplicity. 

We start with the alkali metals, which form the jumifiag-ofi 
place for all such considerations, since they are the simplest 
case which exemplifies the fundamental difficulties which we 
have already discussed in connection with the duplicity scheme. 
The core, being of inert gas form, has no moment, as we have 
argued in Chapter XIV., so that the whole moment must be 
attributed to the optical electron. We characterise this by 
three quantum numbers, », K and k, where K, which deter- 
mines the sequence, corresponds to the interaction energy on 
Heisenberg’s Scheme II,, and k, which determines (tor definite- 
ness, say by the relativity effect) the doublet nature of the 
terms, is the k corresponding to the inherent energy on that 
scheme. Whether we use the language of Heisenberg’s scheme 
is immaterial . m any case K has the value . for the 

®P, , . . sequences, while A is i for the sequence, 2 or i 

for the sequence, 3 or 2 for the W sequence, and so on, or 

k=K±l. The number k therefore has the same values as J 
on Tandy’s scheme, but, as we are considering an inherent 
duplicity in the electron, it seems better to use k as the s3mibol. 
These three quantum numbers n, K, and k do not, however, 
fully determine an orbit, for in the presence of an external field 
various positions of the orbit are possible, which require a fourth 
quantum number for then: determination. Since this quantum 
number remains the same as the field is progressively weakened, 
we can suppose that even in the normal atom there is an orbit 
corresponding to each of the possible orbits in the field {n, K 
and k being, of course, left unchanged). A quantum number 
m will specify, as we know, the number of possible positions in 
a magnetic field, or, more precisely, the projection of the 
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mechanical moment on the direction of the field. Hence n, 
K, k, m specify uniquely an electron orbit, and the fact that 
four quantum numbers are required to specify an orbit of 
three degrees of freedom is a fresh way of esquressing the funda- 
mental difficulties which meet any attempt to apply the theory 
of multiple periodicities in detail to the atomic systmn.* If 
we take a very strong magnetic field producing the complete 
Paschen-Back effect, we have, as we have seen, a magnetic 
quantum number mg to attribute to the electron itself, eapress- 
ing its own magnetic moment, as distinct from the TnftchaTn’fal 
moment given by m. If m^ is specified, k is not necessary, 
smce in the very strong fidd differences of k (or differences 
of J) have no significance. The four values n, K, m, m^ may 
be used in place of n, K, k, m to specify the orbit, as may be 
seen from formulae (3). In general, when the core itself has a 
moment, we can use the number mg,, expressing the energy of 
the atom m a strong field, i.e. the moment resolved paralld to 
the fidd, in place of m^, one being dedudble from the other 

Now the number of possible orientations of the electron 
orbit in a magnetic fidd which, in the case of the alkali metals 
with the kernel as core, is the same thing as the number of 
possible states of the atom, is 2J = 2 k. Hence for both 
doublet components, i e. for a given K, the total number of 
terms is This is a direct expression 

of experimental results 

* A suggestive hypothesis, which gives a mechanical interpretation of the 
necessity for four quantum numbers, has been recently put forward by Uhlen- 
beck and Goudsmit. (Nature, 117, 264, 1926 ) They assume that the 
electron spins about an axis through its figure with a moment of momentum 
which can be quantised. There are the four quantum numbers — n, K, J 
and a quantum number giving the spin of the electron Ditferent possible 
orientations of the spin axis with respect to the orbital plane correspond to 
different states of the atom. When the electron has a one-quantum spin 
there are two possible orientations for the axis of the electron moving in a 
nuclear electric field, tern the field produced by an electric charge without 
magnetic moment, and calculation shows that the difference of energy between 
the two possible states is proportional to the fourth power of the nuclear 
charge. In the case of the alkah metals the core has no magnetic moment, 
and the doublets can, then, clearly be explained as due to the spin of the 
electron. In the case of atoms in which the kernel is accompanied by two 
or more electrons the problem is comphcated by the magnetic field produced 
by the electrons. The quantum theory of an atom m which the electrons 
possess quantised spins has not yet been developed, but the new conception 
seems very promising, and has received the approbation of Bohr. 
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Passing to the alkaline earths, the analysis of ejqperimental 
data gives 8 K as the permanent number of stationary states 
corresponding to a given sequence number Aina magnetic field, 
namely, 2K for the singlet and 6 K for the triplet sequence. 
For example, for the sequence, A=f, the terms *Di, 
are resolved respectively into 3, 5 and 7 terms, while 
is resolved into 5 terms, making 20 terms in all. (Cf. table on 
pp. 528, 529.) These are explained on the inchnation hypothesis 
by supposing that in a strong field the series electron can take up 
2K positions in the field, while to each position of the electron 
orbit corresponds one position of the core for the singlet, three 
positions of the core for the triplet system. This violates the 
principle of successive additions, for on the same iuchnation 
h3q)othesis the alkaline earth core system of electrons, when it 
is associated with a nucleus of one lower atomic number to 
form an alkali metal atom, can only take up two positions in 
the field, so that the quantmn numbers of the old electron 
would have been changed by the addition of a new electron, 
Pauli, however, takes the singlet and tnplet terms together to 
give a group of 8 K states. If we allow the alkalme earth core 
the two positions which it should have if regarded as the 
S state of an alkali metal atom (K=\, h=x, m— ±^), and 
allow the electron the 4!? positions which, on Pauli’s hypothesis, 
it must always possess in virtue of its duphcity, then we get in 
all 2 X4A = 8 K states, as reqmred. 

Pauh’s scheme leads not only to the number of states, but 
also to a calculation of the j values for atoms with more than 
one valence dectron, and the value of the energy proportional 
to the field in the case of strong fields, i e. the value of mgg. 
By the principle of successive addition, as interpreted by Pauli, 
we give to each electron the various possible values of m and 
wg, which it would have independent of the other electrons, 
i.e. the value which it would have for the alkali metals, and, 
assuming a strong field, add the m’s and the wg.’s, taking 
one value at a time for each electron, to give values for the 
whole atom. We form 


w=2w, mgg='2mgg 

where the summation sign includes one value for each electron. 



MULTIPLET STRUCTURE 


557 


and every possible selection of tn's gives an m, and similarly 
with the MggS. The m’s so obtained hold for a weak, or zero, 
field as well, and tell us what the j’s will be for the whole atom, 
since ^ > m > —j. Thus, as a simple example, consider the 
S terms, and ®Si of an alkaline earth. There are two 
electrons in addition to the closed inert gas structure : for each 
of these w = db i, while mg^ = ± i. The mg^ values can be taken 
from the tables on pp. 528, 529, or calculated from formula (3). 
Then we have as possible values : 

m=-\-\=-x mg,= -i-z=-2 

= -i + l= o =-i+i= 0 

= o = 1-1= o 

= I = 1 + 1= 2 

The m values are the values of m for the atom with two electrons, 
and give for the atom as a whole, j = i, corresponding to 
w = ± 1, 0 ; andy = 0, corresponding to m = o. The^ = i belongs 
to the term ® 5 i, the j =0 to The values give the 
possible values of the energy due to the strong field for the 
whole atom. 

The delegation of the anomalies to the electron and conse- 
quent specification of the orbit by four quantum numbers has 
led to a very important generalisation of Stoner’s scheme. On 
this scheme the electron orbits are grouped firstly according to 
their n’s . the group belonging to one n is divided into sub- 
groups distinguished by different values of ki, and these sub- 
groups are further divided mto grouplets, distinguished by 
values of Ag, being or ki-i. (See Chapter XIV.) The 
number of electrons m an group is In this notation 
is our present K + l, since has the values i, 2, 3, 4 ... , 
while or - 1) =X ± I is our present k. Now we have 

seen that the total number of states for a single electron in a 
magnetic field is zk. In agreement with this Pauh makes the 
hypothesis that an atom can never contain more than one 
electron having a given set of values for the foxir quantum 
numbers n, K, k, m (or «, K, m, nij^), or, in other words, if one 
electron occupies an orhit fixed ly four given numbers n, K, k, m, 
this type of orbit is no longer available for a second electron. 
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This hypothesis of the uniqueness of an orbit determined by 
four quantum numbers is capable of a "wide range of applica- 
tion, and seems likely to become an established feature of 
atomic theory. It is proving of the greatest importance for 
the analysis of complex spectra. It gives, of course, the 
number of electrons in each closed inert gas ss^tem, since it is 
an expression of Stoner’s scheme. Certain features of the 
spectra of atoms with two outer electrons follow at once from 
the hypothesis. Consider, for example, the case of the S terms 
of the alkaline earths just treated. For both electrons K=\, 
k=x,m=±\. In the particular case where n is the same for 
both electrons the principle of uniqueness says that they cannot 
both have the same value of m as well as of K and k, so that, 
in this particular case, m=i for one electron, w = - J for the 
other electron. In a strong field, therefore, w = J J = o, which 
means that _;=o for the atom as a whole ; this must also be 
true for a weak, or zero, field. There is, then, only one possible 
case if both electrons are bound in orbits of equivalent K, k 
and n, namely the atomic state having y=o, corresponding to 
the ^S(, term. For the deepest triplet *5^ term n must be 
greater for one electron than for the other. In other words, for 
the neutral alkaline earths the basic term corresponds to 
the two electrons normally bound, while ®Si does not. More 
elaborate applications of the h 5 q)othesis will be discussed later 

Pauli’s scheme leads further to a land of conjugate relation- 
ship which is very suggestive. The characteristic of a com- 
pleted group or sub-group is that j =o, or m for the whole 
group or sub-group is zero m a strong field. In such a 
completed groupmg of, say, r electrons, equal positive and 
negative values of m are possible, and, on Pauli's h37pothesis, 
each possible value of m must be represented by one electron. 
Suppose p electrons to be abstracted from the grouping ; then 
y)w has a given value, which must be equal and opposite to 

p 

since '^m=o This reciprocal relation leads to a kind 

r-p r 

of analogy between atoms at the beginning and atoms at the 

* Since; IS usually reserved for a single electron,/* is wntten for the quantum 
number giving the resultant moment of a specified number of electrons taken 
together. 
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end of a closed grouping. Two atoms which, occupy positions 
S 3 ?mmetrical about the centre of the grouping will have the 
same possible values for j and the same number of t^ms 
corresponding to each value of j. To give examples of this 
from general optical spectra would occupy too much space, 
and, as the spectra of the elements of the higher columns of 
the periodic table, e.g. carbon and oxygen m the 222 grouping, 
have not been worked out in full it is not easy to confirm the 
results of the rule in detail.* However, the particular example 
of the reciprocal relation offered by the X-ray spectrum is 
simple and illuminating. Here the excited atom has one 
electron missing from a normally completed group, say, for 
precision, the L group. Seven electrons are left, which, as far 
as then’s are concerned, is the same as if the L group contained 
one electron, having the same azunuthal quantum numbers and 
m as the missing electron. The resemblance between the X-ray 
spectra and the spectra of the neutral atoms of the alkali metals 
is thus explained. 

All through Pauli’s work the electrons are considered first 
of all to be in a strong field, so that their mteraction may be 
neglected, and the field is then considered to be reduced to a 
vanishingly weak state. The quantum states are supposed to 
be unaffected by this. His work, therefore, is based upon the 
adiabatic mvariance of the quantum weights, and takes no 
account of the correspondence principle. 

Stoner has likewise invoked a strong field, with its uncoupling 
action, to simplify the consideration of the effect of different 
numbers of outer electrons, since it allows these effects to be 
added, the interaction being disregarded. The other core 
electrons are supposed to be more firmly bound to the kernel 
than the series electron. He lets Sommerfeld's s and repre- 
sent the magnetic moment of the core and the senes electron 
respectively, the core consisting, of course, of the kernel plus 
all the outer electrons but one. Sommerfeld’s notation bemg 
used, k now represents the integer which fixes the sequence. If 
.the vectors correspondmg to s and are coUmear, and in the 
same sense, then we have the maximum moment, given by 
j=.s f independent of the coupling between core and electron, 

* Cf., however, F. Hund, Z&itschnft fur Physik^ 33, 353 et seq,, 1923.- 
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and of the strength of the field : it is a property of the atom. 
From Tandy’s formula for the splitting factor g we can calailate 
the term energy mg corresponding to a magnetic quantum 
number m. The mg value is independent of the strength of the 
field for the particular case of the maximum value of m corre- 
spondiog to a given k, which we shall be considenng, so that 
the weak field formula can be used. (Cf. p. 526, or the tables 
on pp. 528, 529.) It seems reasonable to assume that the 
abnormal term energy (abnormal as compared to that derived 
from the simple consideration of the Larmoi precession) is due 
to the magnetic moment of the atom having the abnormal value 
gmhjzn instead of mhfajt. It might be argued that when we 
faiow merely that the ratio magnetic moment/mechanical 
moment is abnormal we should be equally justified in attribxiting 
the abnormal value of the term energy to an abnormal value of 
the mechanical moment, but definite evidence in favour of the 
former assumption is afforded by the experiments of Gerlach 
and Stern.* 

Consider now, for example, a D term of a sextet. For the 
D sequence A =3, so that ja—k-i= 2 . Also 


c — iv_ 1 — 6 _ 1 _-n 

s — a'' 2~2 2~2- 


Hence =s+ja=l-=m. 

Further, from equation (2fi), 


‘I + 


x-l 


• 2x3 




— J + 


so that mg=y. Calculatmg the various mg's in this manner 
we derive the following table. 

Maximum magnetic moment =//,na\- 


Multiplicity r 

X 

2 

3 

4 

5 

6 

7 


rs(A=i) 

0 

I 

2 

3 

4 

5 

6 

Term type - 

P{A=2) 

I 

2 

3 

4 

5 

6 

7 


[d(A=3) 

2 

3 

4 

5 

6 

7 

8 


It may be assumed that the magnetic moment of the series 
electron is normal, that is, given by k : this supposes that 

* See Chapter XVI . 
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and similar dashed D terms have been foimd, giving rise to 
seven hnes of a *D-3D' combination (no transition 

involved). The terms can be represaated by a formula of 
Ritz type to which a constant has been added. For example, 
there are five lines of the series x’^P^-n which can be 
represMited by the formula 

^=47950 -■??/{« +*1798 +3-75 x 10-6(47950 -v)}» ..(ii) 
Now the term i®Pa is 339887, whence the n ^P\ term is 

R/{« + -1798 +375 X 10-6(47950 -v)}»- 13961-3. ...(12) 
From this a remarkable feature of the pruned terms can be 
seen at once, namely, that it is possible for the m to have 
negative values. Thus the term value for 3®P'j comes out to 
be -4999-8, and the higher values of this sequence obviously 
have still smaller (algebraic) values, the limiting value being 
-13961-3 The existence of negative terms seems to have 
been first established by R. Gotze. 

To explam the existence of negative terms we must suppose 
that an atom can, in an excited state correspondmg to the 
emission of optical hnes not belonging to the regular arc 
series, possess energy greater than the normal ionisation 
potential. Since this latter corresponds to the complete 
removal of the optical electron we must either assume that an 
electron removed is not the most loosely bound of the electrons 
in the normal atom, but proceeds from a deeper level than the 
ordinary optical electron, or else that more than one electron 
is displaced at the same time, and that the energy correspond- 
ing to both electrons together is radiated as a frequency given 
by the ordinary quantum law. The latter hypothesis has 
proved able to account quantitatively for the lines mvohmg 
pnmed terms, and, accordmg to Wenzel, who has himself 
developed it to apply to the alkaline earth spectra, was first 
put forward by Bohr, m lectures still impublished, to account 
for features of the neon spectrum. The newly classified lines 
ordered by Russell and Saunders fall withm the scope of this 
hypothesis. 

If for the primed terms the excited state is one in which 
two electrons are displaced, then we should be able to find a 
quantitative relation between the arc and the spark spectrum. 
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Consider for simplicity that the one electron always occupies a 
level, higher than the normal level, of fixed quantum number, 
while the second may occupy various levels, all distinguished, 
however, by one value of k for a given sequence. In the case 
where this second electron •occupies a level of high total 
quantum number, or to proceed to the limit, where it is com- 
pletely removed, we have an ionised atom which is also an 
excited ion, on account of the position of the other displaced 
electron. Hence, if we can represent the new anomalous 
terms by a Ritz formula from which a constant is subtracted, 
then this constant should equal the energy required to displace 
an electron to a given orbit in an atom from which one electron 
has already been removed, i e. when expressed in volts it should 
equal a resonance potential of the ionised atom. This is found 
to be the case. Thus for the series represented by 

formula (ii), the limiting value is -13961 cm which agrees 
(withm experimental error, which is fairly large lor this some- 
what irregular series) with the first resonance potential of the 
ionised calaum atom 1371 1 cm. '^ = 1-69 volts This resonance 
potential corresponds to the transition - 2®Z)g, being 
the basic state and ^next lowest m the ionised 

atom. A direct transition from 2®Z)g to is forbidden 
by the k selection pnnaple, so that the ion with an 
electron in a 2®£>2 orbit is in a metastable state, which, 
as we have seen, endures on the average for a compara- 
tively long time. Hence an ion in this state has a good 
opportunity of catchmg a second electron. When the atom 
has two outer electrons it is apparently no longer in the metas- 
table state as was the ion, and both electrons can move 
simultaneously to orbits of lower energy, the change of energy 
of the whole atom being radiated with a frequency given by 
the ordinary quantum relation. 

Russell and Saunders find that with all three elements, 
calaum, strontium and barium, the primed terms receive a 
natural explanation on the assumption that they are due to 
an atom returning in one step to a state in the regular spectrum 
of the neutral atom from an excited state m which one electron 
is in a level correspondmg to the first metastable state of the 
ionised atom, whUe a second electron is in any one of the many 
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possible higher levels. Thus, if the wave number corresponding 
to the difference of energy between normal and metastable state 
(13711 for ionised calcium, 14837 for ionised strontium, 13567 
for ionised barium) be added to the experimentally found primed 
term values, and the values so obtained be expressed by a 
Rydberg formula, then the Rydberg denominators (i.e. the 
effective quantum nmnbers) are nearly the same for all three 
atoms, as is to be expected, in view of their similarity of struc- 
ture. Simultaneous jumps of two electrons may be taken, then, 
to be well established in the particular cases described, and 
further work, to be mentioned later, show that such two electron 
jumps are a feature of complicated spectra in general. 

As a further illustration a particular example of two electron 
jumps may be quoted from the work of Millikan and Bowen 
on stripped atoms. They find the existence of negative terms 
in the spectrum of Alj corresponding to certain lines in the 
extreme ultra-violet. These hnes occur m charactenstic groups, 
four hues symmetrically arranged for three-valence-electron 
ions, such as Sin, ^nu and so on, and five nearly equally 
spaced Imes for two-valence-electron ions such as Mgj, Ain, 
Sim, 3Jid so on. The wave-number of the lines of these groups 
show the linear increase of wave-number with atomic number 
which IS characteristic of the screening doublets, and hence the 
electron jumps must take place between levels of the same prin- 
cipal total quantum number. The explanation of the origin of 
these peculiar groups of four or five hnes may be illustrated by 
the groups given by three- valence-electron 10ns Normally, in 
such an atom as Alj, of the three outer electrons two are in 
orbits, and one is m a orbit, and these are the only orbits of 
pnncipal quantum number 3, and hence the only ones involved 
if the principal quantum number is not to change in the tran- 
sitions considered. The normal orbit is, of course, not one 
concerned m the ordinary S senes, but the next deeper orbit, 
corresponding to an electron more firmly boimd than one m the 
basic *Pi orbit. This accounts for the term value being greater 
than that correspondmg to iomsation, which is the removal of 
the P electron. When, m consequence of the exating influence, 
one electron goes from the orbit to one of the P orbits, say, 
*Pi, then the energy corresponding to the P levels changes. 
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owing to the fact that now there is only one electron in the 
level. When now one of the ®Pi electrons returns to 
the other must be supposed to find itself again in either of the 
old ®P levels. The two jumps are simultaneous. This gives 
two possible lines, according as or *Pg is chosen by the 
electron. As in the excitation the ®Si electron may pass to 
either ^Pg or “Pj, and in emission the other electron may 
find itself in either ®Pg or ®Pi, we have four possible lines, 
and a group of four is actually observed. If there are two 
outer electrons instead of three, e.g. Aljj, there are three 
P levels, and hence six possible lines. We must suppose, to 
get the five observed, that the two central lines of this six over- 
lap, a supposition which is made reasonable by the fact that, 
whereas for the group of four the lines are about equally intense, 
for the group of five the central line has double the intensity 
of the others. 

The explanation of the neon spectrum requires, as do the 
spectra just discussed, both the extraction of an electron 
from more than one sub-group and the possibility of the 
simultaneous jumping of two electrons. The experimental 
facts are that Paschen has succeeded m ordering the neon 
spectrum into a large number of term sequences • four 5 
sequences, ten P sequences, twelve D sequences. These 
sequences can be divided into two families, each including 
some of the S, P and D sequences : the sequences of one 
family can be expressed by a Ritz formula, while the sequences 
of the other family can only be expressed by a Ritz fonnula if 
a constant is first added to all the terms (the constant being 
782 cm.">'). This recalls the primed terms just discussed. 

Now the neon atom contams m its I. group (»i =2) the follow- 
ing sub-groups, according to Stoner : two Lji electrons, two 
Xgi electrons, four Zgg electrons, the first sufiEix denoting the 
value of the k, the second the value of j. As has been already 
poiated out, the group must, in general, correspond to the 
®Pi term, the Lgg group to the ^Pg term m an optical doublet. 
To accoimt for the two families we can assume, as origmaUy 
suggested by Grotiian, that the one family corresponds to the 
removal of an electron to various higher levels ; this should 
give the spectrum characteristic of an atom with two outer 
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electrons, one of which is removed, i.e. of an atom of alkaline 
earth column in the periodic table. /=i for the core, and by 
the branching rule this gives rise to S terms for which J=i, 
J=^ on the addition of an electron. The selection of an 
iji electron to play the part of an optical electron should, 
then, give a singlet and a triplet system. The other family of 
sequences we must suppose to correspond to the removal of an 
X22 electron, which is one of a closed sub-group of four electrons. 
This family of sequences should, therefore, not only differ fr o m 
the other family by a constant m the limit where the variable 
Eitz term vanishes (or in other words, when the electron is 
completely removed), but should also give the system of 
triplets and quintets, since J—2 for the core. We may 
summarise this by saying that we might anticipate one com- 
plete spectrum, consisting of systems, built on the neon ion 
with an (or electron missiog, and another complete 
spectrum built on the neon ion with an (or ^Pj) electron 
missing. The L^i electrons being more firmly bound ^-ban 
the Xga* "the complete removal of such an electron leaves the 
atom with positive energy as compared with the arbitrary 
zero energy when an P22 electron is completely removed. 
Hence the group corresponding to shifting an Z-ai electron 
must be the one which requires a constant added to the 
Ritz formula. 

All this agrees excellently with observation The sequences 
for which 782 cm.“^ must be added to the terms before they 
can be represented by a Ritz formula are, m fact, exactly those 
required to give a regular singlet-triplet spectrum . there are 
two S sequences, four P sequences, four D sequences in all, 
divided mto one smglet sequence each of ^S, '^P, and ^Z) terms, 
and one triplet ®S sequence, and three each of tnplet ®P and 
®D sequences. The sequences which are represented by 
ordmary Ritz formulae give triplets and quintets. The actual 
combmations between terms which are found can be expressed, 
as Land 4 showed, by an allotment of inner quantum numbers J, 
and these J’s obey the branching rule as expressed m the 
table on the following page. 

Thus the two groups are satisfactorily explained by the 
possibility of plucking either a ®Pi electron or a *Pa electron 
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out of an atom, leaving a different core in either case, the two 
cores not differing, however, much in energy, for 782 cm is 
less than a tenth of a volt. When terms of the Ritz family 
combine with terms of the non-Ritz family, we must suj^se 
that there is interchange of an electron between the Lgi 3 nd 
the 1.28 grouplet, as well as the passage of the "optical” electron 
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from one level to another. Before the radiation one of the Lj 
grouplets is imperfect by one electron, and the electron which 
is mi ss iTi g from the I2 sub-group both before and after executes 
(simultaneously with the L electron switch) some quantum 
switch in outer orbits This is another example of the two 
electron jumps. 

The neon spectrum occupies a pecuhar position m the com- 
plicated spectra, m that the core is so compact that, even when 
the electron removed (the series electron) occupies low orbits 
the interaction between it and the other electrons is small 
compared with the mteraction of these electrons among them- 
selves. The seven L electrons are not outer electrons m the 
same way as the electrons additional to a completed group are 
in atoms other than those of the mert gases Hence the series 
jH-operties of the alkahne earths and the earths are imitated, 
and the spectrum can be ordered in the same way as that of 
the simpler structures discussed in other chapters This wiU 
be made clearer m the next section, when the theory of com- 
phcated spectra is discussed. 

The ordering of the neon spectrum, with its twenty-six 
sequences, is one of the triumphs of modem spectroscopy. 
The fact that this ordering can find expression in terms of the 
quantum theory is comforting, even if we are met by the 
apparently inevitable half-quantum numbers and branching. 
The attack on the comphcated spectra, such as those of the 
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elements of the fourth and fifth columns of the periodic table, 
proceeds with vigour, and Hund, in particular, has had success 
in appl3/ing to such spectra the scheme of Russell and Saunders, 
and of Heisenberg, on which the moments of momentum of 
the outer electrons are compounded, and the resultant allowed 
to interact with the mert gas kemd. Not the least difficulty 
in following and expounding the most recent work is the dif- 
ference of notation, since every writer uses his own system, 
and, what is worse, different waters use the same symbols 
with different meanings.* 

We now proceed to give a slight sketch of the general theory 
of complex spectra. 

General Scheme for Complex Spectra. The treatment of the 
general case of complex spectra, such as those of the ele- 
ments from scandium to nickel, origmated largely in the 
work of Russell and Saunders, to which reference has so fre- 
quently been made. They emphasised that many of the 
difficulties of ordering the whole spectrum of neutral calcium 
could be crystallised m a recognition of the fact that the 
combination properties of the primed terms and the inner 
quantum number properties of the primed terms do not give 
consistent results as to the sequence to which given terms 
belong, and they worked out a scheme by means of which this 
could be explained. The inner quantum number properties — 
or internal properties, as we may call them for short — are the 
Zeeman effect, the multiplet structure, and the relative 
intensities of hues in a multiplet. We have discussed at some 
length how, by a study of some or all of these features, J and K 
may be allotted to terms A given term will therefore have a 
K corresponding to its internal properties. In the case of the 
alkali metals, or the earths, we can allot z. K to the terms 
from their combmation properties, usmg the rule AiiC = ± x, 
and in the case of these simple spectra (as distinct from the 
complex spectra of such elements as iron), the K so allotted is 

* A discussion at Dantzig in September, 1925, between some of the most 
celebrated workers in the field of quantum analysis of spectra, at which the 
writer had the pleasure of being present, foundered, if the e 3 q>ression may be 
used, on the question of notation, none of the speakers being able to understand 
the notation of the others, and each havmg also, apparently, difidculties with 
his own. 
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identical with the K required for the internal properties. In all 
these simple cases we are dealing with a single privileged, or 
optical, electron, which makes the quantum jump, for although 
in the case of the earths there are three outer electrons, two of 
them form a closed grouplet. When we turn to the primed 
terms of the calcium spectrum, which we have discussed, two 
electrons jump simultaneously, one electron (which we will call 
the first electron) occupying in the excited state various orbits, 
while the second electron occupies a orbit. The first 
dectron would seem to play a privileged rdle, and, if we 
regard it as an ordmary series electron, we can allot a K 
value to the various primed terms from the combination 
properties. However, this K is not the K given by the 
internal properties. For example, the P' terms discussed 
by Russell and Saimders have internal properties of P terms 
(if=f), but combining properties of D terms The 

letter (sequence) notation is fixed by Russell and Saunders 
from the internal properties, and not the combmation pro- 
perties. This rule is generally followed in ordering the terms 
of complex spectra * 

The fundamental theoretical idea introduced by Russell and 
Saimders, and generalised by Heisenberg, is that in the case of 
more than one outer electron, where the interaction of the 
electrons plays a part, the angular momenta of the different 
electrons must be compounded to give an angular momentum 
which characterises the mtemal properties of the atom. It is 
assumed, in fact, that the inclination of the angular momenta 
of the various electrons to one another can be quantised ]ust as 
is that of the momenta of core and electron on Land4’s inchna- 
tion hypothesis ; this imphes, of course, that the interaction 
between kernel and electrons is small compared to that between 
the two (or more) outer electrons. Takmg two electrons for 
simplicity, for which K' and K" are the azimuthal quantum 
numbers giving the individual angular momenta, K' and K" 
must be compotmded vectoriaUy m the various possible ways 
to make the resultant (which gives the angular momentum of 
both electrons together) a half-mteger. The resultant quantum 

* In the case of simple spectra, the ambiguity of notation does not, of 
course, arise. 
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number is called /.* The number I can then have the various 
values governed by the inequality K' -R’l. The 

values adopted for K are the half-integer values, according to 
the scheme K=^, for S, P, D, F ... sequences in 

simple q)ectra. The number I so obtained gives the internal 
properties of the term to which it applies, and, in all cases 
where the interaction of the electrons, of which it gives an 
account, is predominant the sequences are named from the I 
values, viz, S, P, D, F . . . for the Z=^, -I, -f-, I- . . . For neon, 
of course, where the interaction between what may justly be 
called the series electron and the L group («=2) electrons is 
negligible except possibly for the very lowest terms, the com- 
pounding is not justified, and the spectrum is ordered by the 
K value of a single electron. 

The new scheme of outer electrons acting as a smgle system 
can be expressed in terms of Heisenberg’s general duplicity 
scheme : he called it Scheme III., and it is a modification of 
Scheme I. to mclude the case of several valence electrons. It 
is a convenient expression of the empirical rules which must be 
followed in order to describe the spectra m question. 

The core is given a duphcity which in the case of two valence 
electrons is expressed by puttmg 12=J, i?=|, arismg from the 
value i?=i (or o), which it has in the case of a single electron, 
by the branching rule. For more than two valence electrons 
the values of R are found from the branching rule, each value 
of R becommg R ± J when a fresh electron is added, the 
maximum value of R being +i), where N is the number of 
valence electrons. This merely expresses the multiplicity of 
the systems as laid down m Laporte’s ongmal empirical scheme. 
The I values found for the systems of outer electrons are com- 
pounded with the core, thus endowed with R values, according 
to the inchnation scheme. The values of K from which I is 
obtained by compounding are half-integers, which in the case 

* Here, again, the notation displays a pleasing diversity. Russell and 
Saunders call the individual angular momenta and and the resultant 
angular momentum K, but the notation here adopted is more consonant with 
that previously used, smce k has always been restricted to the angular 
momentum of smgle electrons 1 have used K' and K" m preference to Ax 
and (Hund*s notation), smce and have often been used (as by Bohr 
and Coster) as the two azimuthal quantum numbers required m general for 
a single electron. 
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of two electrons gives integral values for I, but, just as in 
Scheme I., agreement with experiment can only be obtained 
by taking half-integer values of I for the interaction energy. 
We therefore have a duphdty scheme as before . 



the lower line giving the values of I actually taken for com- 
pounding with the kernel. This is another expression of the 
rule K' +K">l>\K' -K''\ already quoted. Taking, as an ex- 

O -I- C 

ample, we have, maximum value of 

minimum value ^,^= 1 , and l—^, I-, from the above scheme. 

This is merely throwing what we have already done into 
Heisenberg’s notation. 

In the case of the alkaline earths, therefore, where i? =-| or -I, 
we should expect, corresponding to one electron in a D orbit 
(iiL=§) and the other m a P orbit (if =-|), three tnple terms and 
three singlet terms, with the inner quantum number properties 
of P, D, F terms (^=f, -1). The electron which has a large 

choice of orbits, called for convenience the first electron, havmg 
the if =■§■ orbit m the above example (for the second electron is, 
as we have seen in discussmg the experiments, always m one 
particular D orbit when the atom is m the excited state), these 
terms should all have the combining properties of P terms. 
Hoice the I scheme leads us to suppose that we can have tnple 
terms with the mtemal properties of F, D and P terms respec- 
tively, but all havmg the combining properties of P terms 
This is exactly what Russell and Saunders found for the pnmed 
terms involved in the three familiar multiplets in fhe less re- 
frangible part of the spectra of calcium, strontium and barium 

The above is a very elementary example introduced, perhaps, 
rather out of place in order to illustrate the meaning of the 
scheme. We shall return to this case after a further review of 
the rules. 

In the general case of atoms with many outer electrons we 
cannot select any one electron to play the part of the optical elec- 
tron, since, for the lower terms, at any rate, the outer electrons 
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do not differ much among themsdves in strength of bindiog. 
The number I thus becomes of supreme importance, while no 
individual K has any claim to pre-eminence. In such a case 
the internal properties may become clear, and the ordering 
into multiplets be comparatively straightforward, but no series 
properties will appear. For the higher terms, however, one 
electron may be much more loosely boimd than the others, 
and the ordhiary series properties become evident. Clearly as 
the terms progress along a sequence a hmit is approached 
which is the energy of the positive ion m a given state, there 
being more than one such state mvolved in the spectrum. 
Thus in the case of neon we have seen that the spectrum can 
be explained as built on two possible states of the positive ion, 
but neon is peculiar in that owing to the fact that the single 
optical electron is very loosely bound, even in low orbits, 
compared to the electrons of the positive ion, the series pro- 
perties persist down to the deep terms, and the ordering is 
simplified. With other complicated spectra the tracing of 
senes relationships is a difficult task, and we are faced with the 
problem . to which of the series limits, i.e. basic terms of the 
ion, do the lower multiplets belong. This involves, of course, 
the determination of the basic states of the ion We also 
want to know the basic term of the spectrum of the neutral 
atom. 

Before the combmation possibilities and the existence of 
given terms can be satisfactonly discussed, certain general 
rules which have been recently elaborated must be considered 
In the first place, there are certain selection rules to be apphed 
both to the I’s and to the individual K's. For possible changes 
in I durmg a quantum switch we have Laporte’s empirical rule, 
that AZ=o or ±i or ±2. The different classes of transitions 
covered by the rule are used to di\ude the terms mto two 
classes, to facilitate comparison with empincal data. With 
calcium we have seen that the terms are divided into pnmed 
and unprimed, the unpnmed terms combming with the primed 
terms of the same sequence letter {t.e. same t) and with un- 
primed terms for which M {=LR)= ±x. In general the 
distinction betweai primed and unprimed terms has no physical 
significance, since m the more comphcated spectra there is not 
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a set of, as it were, privileged ordinary terms, such as existed 
with calcitun on account of the easy ordering into senes of the 
terms due to one electron jump. Nevertheless, a dassification 
into primed and impiimed terms has been retained, but it is 
purely arbitrary, and defined by the following rule : 

For combinations between primed and primed, or between 
unprimed and unjoimed terms (“ like ” combinations) 
Al= ± 1 .* 

For combinations between primed and unprimed terms 
(" unlike ” combinations) AZ=o or ±2. 

Thus when a given term has been arbitrarily defined as primed or 
unprimed the class of other terms combining with it can be fixed. 

In the case of even the most complicated spectra the present 
indications are that only two, and not more, electrons can 
jump simultaneously. Heisenberg has put forward the follow- 
ing rule, based on considerations of the correspondence prin- 
ciple : when two electrons jump at once, for one of which the 
azimuthal quantum number is K\ for the other K", then 
AK'=±i, AK‘'=oor±2. 

A further rule which is invoked in building up a scheme of 
possible terms deals with the result of adding an electron to an 
ion of known properties, and embodies formally relations which 
have already been implied. If we have an ion for which 
R=Ra, l=la (the sufiixes have no significance except to dis- 
tinguish special values of R and 1 ) and add to it a new electron 
of given K, then the multiplicity 2R splits up into the two 
neighbouring multiplicities (i? becomes R ±^), and the new I is 
obtained by compounding K with m the way already laid 
down for the compounding of different K’s. 

The method by which the basic terms are derived is to start 
by calculating the various possible values of I for a given 
number of electrons of known azimuthal quantum numbers, 
and hence to find aU possible terms due to these electrons. 
Two of the electrons can be first considered, and the other 
electrons added one by one, use being made of the rule just 
given. From the general theory of atomic structure discussed 
in Chapter XIV,, the other quantum numbers, besides K, of 

* Combinations for which A?== ± 3 have been found by Catalan for nickel. 
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the electrons in incomplete grouplets are known, and these 
quantum numbers have to be used to limit the number of these 
terms which occur for the atom in the normal state. We 
know by Pauli’s prmdple of uniqueness of electron orbits that 
if two electrons have the same n and K, they must not also have 
the same value of m and mg,* This, therefore, will exclude a 
certain number of possibilities when we are dealing with two 
or more electrons of the same n and K. If in an ion a t3!pe of 
term given by R^, is forbidden, then all terms which could 
be derived from it by adding an electron are forbidden in the 
spectrum of the atom : if the term type R^, la be present in the 
ion, and a further electron be added of the same n and K as 
one already present in the ion, certam terms are again to be 
excluded. To decide preasely which terms are to be excluded 
the possible values of m, mg, corresponding to R, J (or k), 
K must be calculated for each electron by Pauh’s formulae (3). 
We then form m=' 2 m, there bemg, of course, 

various possibilities for two electrons of the same K and k, 
since there is more than one value of m (and mg^ corre- 
sponding to a given K and k, and these must be selected in 
all possible pairs, one from each electron. Now if the w and 
of the atom be regarded just as if they were the m, mg, 
of a single electron, we can find by Pauh’s work, convemently 
summarised, as far as we are now concerned, in the tables on 
pp. 528 and 529, exactly which values of R, J, K wiU cover a 
given group of in, mg, values, and so can attribute given terms 
to given K and k. Merely compounding the K’s to form I tells 
us which multiplet terms as a whole belong to a given pair 
of K’s : it does not teU us, however, which mdividual terms of 
a multiplet, such as a tnplet P, belong to which pairs of A’s, 
or, in other words, which values of J are to be attributed to 
which series limit. Writing down the ni’s and t^,‘s enables 
us not only to attribute the individual terms, such as ®Pi, to 
a given pair of k values, but also to decide which terms will 
drop out when both electrons have the same n as well as the 
same k. Hund was the first to apply the method in detail to 
complex spectra. 

• Or else they must not have the same value of k, m. As has been pointed 
out, only four of the hve quantum numbers n, K, k, m, are independent. 
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The method will be illustrated by an example. Suppose 
both electrons are m iiC=|- orbits. Then by our compounding 
rule the possible values of I are f , while for two electrons 

the possible values of R are f. Accordingly we expect 

^S, ^P, ^D, *S, ®P, ®D terms in the general case. To examme 
which terms belong to which series limit, and which drop out 
when both electrons have the same n (as they do in the normal 
state of an atom) we have to consider the magnetic states. 
k{=J) may be either i or 2 ; corresponding to k=i, we have 
two values of m, viz. and corresponding to k=2 four 
values, viz. ±^, ±f . There are therefore six magnetic states 
of each electron, or thirty-six possible values of m (and of 
for the two taken together. These are wntten down in the 
table on the opposite page : the w's and fng,’s may be calcu- 
lated by Pauh’s formulae, or taken direct from the table on 
pp. 528 and 529. Corresponding to these m’s and ^/s we 
know that there must be certam terms for which P=f or 
while 1 =^, f or 1 -=^, f or §.* We have to select terms, some 
belonging to states m which the one (say the first) electron 
has k=i, and others belonging to states in which this electron 
has k=2: if « for this electron has the value of the incomplete 
group of the atom, and the other electron be completely 
removed, we have the and state of the ion. Hence the 
terms which correspond to the ^=i state for the first electron 
pertam to one series limit, those which correspond to the 
k=2 state pertain to the other series limit. They can be 
allotted by noting that the terms selected have to cover aU 
the possible in states. It will be found, as shown m the table, 
that ®Po, ®Pi, ®I)a belong to the one series limit, and the 
other terms to the other series limit. The J’s for the whole 
atom, given in the column headed / - can be found by noting 

so that, e.g J 2 corresponds to 
m= ± 2, ± 1, 0. This shows how the new scheme helps to order 
the complicated spectra. 

To derive the basic terms of the normal atom we must take 
the n of both electrons the same. K for both electrons is 
already the same by Pauh’s principle we caimot then have 


* The I for the whole atom plays the part of the K for a single electron. 
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two electrons for which m and nig, (or k and ni) are also the 
same. This excludes straightway all the cases marked with 
a u (uniqueness) . Further, n being the same for both electrons, 





»Po. »i)i 
*Px. 


»Si. 
iPi, =>P, 
» 2 ),. 


cases which differ from another case (retained) merely by 
mterchange of the r61es played by each of the two electrons, 
must v anish ; these are marked with a In all twenty-one 
of the thirty-six states thus disappear : the fifteen pairs of 

A.S.A. 2 o 
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values of m, ing^ which remain correspond to ®P, ^S, * We 

thus conclude that these are the basic states for an atom 
rnntaming two P electrons in its normal state, and Fowler 
and Hartree have, for mstance, shown that the spectrum of 
0+ (for which the ion O has two ii and two 2i electrons ia 
complete sub-groups, and two electrons) is built upon the 
three *P states, and the and states. It is worked out by 
adding an electron to this ion, using the rules already expounded. 
It is hoped that this example may do somethmg to indicate 
the way in which the new principles are being applied : it is 
impossible to give a full account within the limitations imposed 
by the goieral scope of the book. To conclude, we may glance 
again at the calcium spectrum in the light of the general work 
which has ]ust been descnbed. For Can basic term is a 

term, with K'=\, and, if the core be ui this state, with a 
single electron in an S orbit, the orbits of the second, or optical, 
electron for which K" =^, -f, -I . . . will give S, P, D . . . 
sequences with both combining properties and internal pro- 
perties determined by the value of K". These are the ordinary, 
or old terms, as distinct from the “ new ” terms. The term 
next above tlie basic term m the Can spectrum is a ®P term, 
for which K' If we add an electron to this core we shall 
have various possibilities according to the K" of the added 
electron. For example, consider the case m which the added 
electron has while n is gi eater than the value for the 

incompleted group in the atom, i.e greater than 3. Corre- 
sponding to if' = I-, i? " = we have ^ = f , -f, - 1 . This gives three 
triple terms if P=|-, three smglet terms if P The I values 
show that these terms have internal properties of P, D, and 

For the terms the pairs of values of m, mg^ are ®Po . o, - 1 , 

-I, -2 ; 0,0, I, 1 , ®P2 -2, -3 , -I, - 1 , o, I , I, 2 , 2, 3. For 
o, o. For ‘ -2, -2 , - 1 , - 1 , o, o , i, i , 2, 2 The reader must not 
he disconcerted that in the upper section of the table only values correspondmg 
to ®P<) have been left unmarked by u or u', while ®Pi appears in that section, 
and IS yet said to be retained When n is the same for both electrons the 
allotment of the terms to the different states of the ion ceases to be significant , 
it has a meaning only when one n is large Which one of two equivalent 
arrangements is marked with tt', and which one retained is, of course, purely 
arbitrary- All the i*"s possible have, m the table, been put in the top section, 
for convemence of checking, but the reader can, if desired, transfer the m'’s 
from - 1 , -2 , o, 0 , I, I to the equivalent arrangements in the upper part 
of the lower section. 
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F terms, and hence are to be denoted by these letters. In a 
two electron jump, if K' goes from to the normal value J, 
LK' =2, and therefore, by Heisenb^g’s rule, must be 
± 1 . The possible combinations are therefore with an ordinary 
S term {K'=\, K^=l), or with an ordinary D term 
K''=^). Hence the P and F terms corresponding to K'=^, 
JC''=| are normal in their combinmg properties, although not 
ordinary P and F terms, since both electrons jump, while for 
ordinary terms one is fixed in the basic orbit. Such P and F 
terms were found by Russell and Saunders, and denoted as 
double primed terms,* P" and F”. On the other hand, the D 
terms corresponding to K'=^, K“ =|- combine with an ordinary 
D term, with A/=o, and are therefore D' terms, by our 
definition. 

If the second electron has K“=^, instead of the I 

values are -J-, |, f, f, corresponding to S, P, Z), F, G terms. 
Of these the P term, l=f, combines with the ordinary P term 
{K' =^, K"—^) since for such a quantum jump AK'= 2 , 
AK'' = i. Having thus the internal properties of a P term, 
but not the combining properties of an unprimed term, since 
AZ=o ; it is a P' term. These illustrations may, perhaps, serve 
to make clear the general rules. 
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CHAPTER XVI 

MAGNETIC PROPERTIES AND ATOMIC STRUCTURE 

latrodnctoxy. Investigation of the magnetic properties of 
bodies cannot be said to have given so far any very precise 
information as to the structure of the atom, but, at the same 
time, magnetism is a physical property of such fundamental 
significance that it can scarcely be left out of any discussion 
of the subject. The very fact that the study of magnetism 
has hitherto yielded comparatively few important generalisa- 
tions suggests that we have here, possibly, the direction from 
which the next advance may come. At present the subject 
seems to be awaiting some radically new theory to order the 
immense amount of rather incoherent, and occasionally con- 
tradictory, information which has been accumulated. The 
investigations of the anomalous Zeeman effect, and of the 
magnetic properties of atomic rays by Gerlach and Stern 
have already shown how information can be obtained as to 
the magnetic properties of single atoms, but have not so far 
received any simple interpretation. 

All theorists who have busied themselves with the problem 
of the general modifications of atomic structure which take 
place as elements of increasing atomic number are built up by 
the binding of successive electrons cite the periodic changes of 
magnetic properties, which is one of the most striking results 
of recent experimental investigation of magnetism. Reference 
to this has been made in Chapter XIV. Fig. 96, embodying 
the results of the extension investigations of Honda, represents 
the specific susceptibility * of the elements plotted against 

* Notation. Thionghoiit this chapter k =IIH denotes the magnetic sus- 
ceptibihty. where f is the magnetic moment per unit volume and H is the 
magnetic force i X “Kld^ where d is the density, is the specihc susceptihility, 

58 * 



MAGNETIC PROPERTIES 588 

the atomic number Z, positive values of corresponding, 
of course, to paramagnetic elements, and negative values to 



diamagnetic elements. It will be seen at once how in the 
middle of the long penods the elements have abnormally high 
susceptibilities, while the inert gases have low values. It must 

% e the susceptibility per unit mass, and Xf^^KWjd, where W is the molecular 
weight, IS the susceptibility per gram molecule, the so-called coefficient of 
molecular magnetism. 


Fig. 96. 

Specific susceptibility X of the elements, plotted against atomic number. 
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be remembered that the susceptibility of even pure dementary 
sol i ds varies with changes in the nature of the solid structure, 
such as are involved in changes of crystalline state or allotropic 
modifications.* Again, paramagnetic suscqjtibihty varies with 
the tanperature. The diagram refers to elements at room 
temperature, but only a rough general significance can be 
attached to it, such as pertains to the curve of atomic volumes. 

These results, while useful for indicating a break in the regu- 
larity of structure in the middle of the long periods, are capable 
of a very geueral interpretation only : they do not afford any 
precise information as to the origin of the magnetic bdiaviour 
of the elements. When we seek for greater definiteness we find 
that variety rather than sunplicity is characteristic of what is 
offered. Many reasons may be given to account for our com- 
parative ignorance of the origin of magnetic properties. We 
could not, until recently, do as we have done in the case of 
other phenomena, and deal with single atoms or molecules, or 
even with small numbers of them. Even now, when Stem and 
Gerlach have shown how isolated atoms may be studied, as 
will be described later, the method has been applied to only a 
few elements. We cannot isolate the magnetic element from 
matter, as we can' the electrical element, the electron. The 
magnetic susceptibility of most substances is very small, and, 
in the case of solids, liable to be markedly affected by the 
smallest traces of iron : it cannot be measured with high 
accuracy. Above all, we have the difficulty that magnetism is 
not, in general, an atomic property. It is true that in solutions 
of metallic salts the susceptibility is the sum of the suscepti- 
bilities of the ions present, and that, for instance, in halogen 
compounds of many metals the susceptibihty is roughly mde- 
pendent of the particular halogen combmed with the metal, 
but it varies with the different valencies which the metallic ion 
has in different salts. Thus Townsend has shown that a given 
amount of iron in solution as any ferric salt has a fixed suscepti- 
bility, while the same amount of iron in solution as a ferrous 
salt has a different susceptibility : the ferricyanides, again, are 

* For example, crystalline tin is feebly paramagnetic, grey tin, at the same 
temperature, is markedly diamagnetic. The former is indicated on the 
diagram as Sn, tiie latter as Sn^. 
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different, having zero susceptibility. This feature has, how- 
ever, found a rational interpretation. With solids, the general 
result of chenucal combination is that an additive law, accord- 
ing to which the susceptibility of the compound would be equal 
to the sum of the susceptibilities of the component atoms, 
breaks down completely. To take some extreme cases, iron 
carbonyl and nickel carbonyl are diamagnetic ; again, while 
oxygen (at any rate in the molecular form, for which alone 
measurements have been made) is strongly paramagnetic, yet 
the oxides of a series of paramagnetic metals, such as aluminium, 
magnesium, thorium and uranium, are diamagnetic. In these 
cases magnetism may be said to be a molecular property. But 
in stiU other cases the magnetic properties seem to be deter- 
mined by aggregates larger than molecules, in the ordinary 
sense . thus sudden changes in the susceptibility occur on 
fusion of a metal, even if it be a diamagnetic one, such as 
bismuth. Further, abrupt changes of susceptibility of elements 
in solid form occur at certam definite temperatures, correspond- 
ing probably to modifications in the sohd structure. Tin may 
be either diamagnetic or paramagnetic, according to tempera- 
ture. The remarkable Heusler bronzes, which, although 
consistmg exclusively of elements of very small susceptibihty 
(manganese, copper and alumimum ; sometimes also tin and 
other metals), have magnetic properties which approach m 
mtensity those of iron, depend for their efficacy on heat treat- 
ment, which introduces modifications of structure visible under 
the microscope. The complexity of the problem is very great, 
especially for the ferromagnetic and paramagnetic substances. 
The diamagnetics are somewhat simpler, since in many cases, 
but by no means always, an additive law holds roughly when 
diamagnetic atoms combine to form a diamagnetic molecule. 
It may be said m general, however, that little has been done to 
elucidate the diversity of behaviour of magnetic substances, 
and that the substances selected for verification of theories are 
of a very limited class, called of normal behaviour rather 
because they agree with the theories than because they repre- 
sent a numerical majority. 

General Theory dt Diamagnetism and Paramagnetism. Having 
indicated the difficulties which confront any attempt to 
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refer the ina^etic properties of substances to a particular 
feature of atomic structure, we may consider in outline the 
prevailing general theories of magnetism, which postulate 
electrons circulating in closed orbits to act as the elementary 
magnets which all bodies are supposed to contain. These 
theories have berai guided mainly by laws experimentally 
establidied by P. Curie, and generally known by his name. 
The first law states that the susceptibility of diamagnetic 
substances is independent of the temperature : the second that 
the susc^tibility of paramagnetic substances is inversely as 
the absolute temperature. In the case of the first law the 
changes of structure which take place at definite temperature 
with accompanying changes of diamagnetism must be excluded 
firom the scope of the law. Even then there are marked excep- 
tions to the law, for substances are known whose diamagnetic 
susceptibility decreases with rise of temperature, and others 
for whidi it inoreases : whereas the latter case can be explained 
by the presence of a dight paramagnetism, which decreases 
with rise of temperature, the former remams anomalous. As 
regards the second law, it breaks down for many substances at 
low temperature. 

On classical electrodynamic theory an electron rota ting 
uniformly in a circular orbit is equivalent to a magnet of 
eS 

moment M = — , whose direction coincides with the avis of 

T 

rotation of the electron : here S is the area of the orbit, r the 
period of revolution, e the electronic charge in electromagnetic 
umts. The accepted theones assume such electrons as mag- 
netic elements. Taking first the theory of diamagnetism, it is 
assumed that the various orbits present in the atom are of such 
magnitude, sense of description and orientation that, on the 
whole, the atom possesses no magnetic moment. A simple 
instance of such an arrangement would be afforded by an even 
number of symmetrically arranged orbits, in half of which the 
electrons are rotating right-handedly, while m the other Tialf 
they rotate left-handedly. The planes of the orbits are con- 
sidered to be fixed, so that a magnetic field has no tendency 
to rotate them when its direction is not normal to the planes. 
The effect of the esta bl ish m ent of the magnetic fi.eld is, by the 
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ordinary laws of dectromagnetism, to produce an electric force 
E tangential to the orbit, which will cause a change in the 
moment of momentum of the electron ; this change will produce 
changes of magnetic force normal to the plane of the orbit, the 
sense of whidi will be opposed to the external field, whichever 
the sense of the rotation of the electron in the orbit, as follows 
at once from Lenz's law. It can be shown that the external 
field will not produce a change in the area of the orbit, except 
in the special case where the central force holding the electron 
in the orb:t varies as the inverse cube of the distance, and 
further, that the change AM of magnetic moment M produced 
by the field H is given by 

AM_ exH cos B 
M 45rm 

where B is the angle which the normal to the plane of the orbit 
makes with H* Now M=— , so that 

T 


AM=-— HcosB. 


To amve at the susceptibility this has to be resolved in the 
direction of H, and averaged for all values of B, taken as equally 
probable. A simple calculation shows that, if there are N' 
molecules per gram. 


N'e,^ N'c^ 

%=-7 — 2S= - 

tjtm ivn 


(I) 


where the summation sign refers to different orbits in the same 
molecule and r® is the mean value of for a single orbit, 
so that str^=S No temperature effect has been considered, 
so the susceptibility is independent of the temperature. This 
cannot be regarded as a confirmation of the theory it is 


* This follows at once from Larmor’s theorem (see p. 250), which states 


that 


A I 

a)j=Zi- = 

T 


e H cos 6 


(e me m,u ), 


AM _ At _ re H cos 6 
M T 47r»w 


so that 
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rather equivalent to the assumption on which the theory is 
based. Confirmation of the theory is offered by the fact 
that the susceptibility of diamagnetic elements which can 
be deduced from it is of the right order, i.c. formula (i) can 
be used to deduce from the experimentally found value of % 
a value of SS which turns out to be reasonable. This may 
be exhibited by dividmg SS so found by the number of 
electrons in the atom or molecule in question (assuming in 
the case of molecules that % obeys a simple additive 
law, and is the sum of the %’s for the component atoms), 
and so gettmg an average area of an electron orbit for the 
whole atom, from which an average r® can be derived if desired. 
The foUowmg table shows the results of suda a calculation. 
The value of % for the ion cited is that derived by Joos from a 
consideration of the diamagnetism of solutions of salts of the 
alkali metals. We may assume, as an approximation, that m 
units of similaLr electronic structure, such as Cl", A, K+, the 
areas of the orbits are mversely as the squares of the nuclear 
charges (as they are in a hydrogen-like atom), and on this 
assumption we can divide the molecular susceptibility of a 
dilute solution of KCl, say, between the two kinds of ions. 
In this way Joos calculated diamagnetic susceptibilities for 
K+, Cl", Na+, F“, Br", I" and some other ions The values for 
the inert gases are those of Hector • some of the earlier deter- 
minations were more than ten times as great denotes 

the atomic %, i.e A, where d is the density and A the 

atomic weight. ® 

Numerically we have from formula (i) : 

Nc^ 

c being in electromagnetic units, and N being Avogadro's 
constant ; 

or 2P= . 

n X -907 X 10^® 

It will be seen that the average area of the orbit is much the 
same for all the atoms and ions cited, hydrogen showing the 
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greatest departure, as would be expected * This average area 
has no very precise significance, since the areas of the orbits 
of different groups differ so markedly : e.g. the areas of the 
K orbits will be negligible for the heavier atoms. It is, in 



fact, rather surprismg that the values derived from the dif- 
ferent elements agree so well. The point which is to be 
emphasised is that this average value is of the right order, 
since atomic radii are in general small multiples of lo"® cm. 
(sec Fig 79) and the average value of JP would be expected 
to be somewhat less than this, as the size of the atom is the size 
of the largest orbits In the case of the neon-like structures 
Na+, Ne, F", rather more precision can be reached These 
consist of two K electrons and eight L electrons, and the 
area of the K orbits is negligible, as can be demonstrated 
either by calculating the size of circular ii orbits for Z=io, or 
by Hlmintshing the susceptibility for helium in the inverse 
ratio of Z® to get the susceptibility due to the K group m neon. 
If the K orbits be neglected, we have eight L orbits among 
which to share the value for 2S, and, assuming each to 
have an equal area (admittedly a rough assumption), we can 


* This value of the susceptibility was found, of course, for the 
molecule and so little is known of the stru^ of ^ 
hardly worth while to discuss the value of r which can be denved from this. 
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calculate a radius for the ions. The results so obtained are 
given in the foUowing table. 


Element 

y for L orbits from 
diamagnetism 

r from crystal 
measurement 

Na+ 

•54 X 10-8 cm 

63 X 10^8 cni 

Ne - 

•54 

— 

F- - 

•71 

•75 

K+ - 

75 --So* 

•79 

A - 

•84 - *89 

— 

Cl- - 

•87 --93 

•95 


It will be seen that the sizes of these ions calculated from 
the theory of diamagnetism which has been discussed agree 
excellently with the values obtamed from considerations of 
crystal structure. The assumption that every electronic orbit 
is acted upon by the magnetic field in the sense of change of 
velocity of the electron, and so takes part in the diamagnetic 
effect, appears to be well founded, or, in other words, dia- 
magnetism is a universal property, which in the case of strongly 
paramagnetic bodies is hidden by the superposition of the 
much greater paramagnetic susceptibility. Certain substances, 
such as glass or porcelain, which may be feebly paramagnetic 
at ordmary temperatures, become diamagnetic at higher 
temperatures, owing to the diminution of paramagnetism with 
increasing temperature ; f in other cases diamagnetic bodies 
become more strongly diamagnetic at high temperatures, which 
IS likewise to be attributed, not to a true change in the dia- 
magnetic element, but to the diminution of a very small 
superimposed paramagnetism. In the case of the para- 
magnetics platinum and palladium, Foex has shown that a 
small diamagnetism, mdependent of the temperature, must be 
allowed for if these substances are to obey the paramagnetic 
law X{T -6)=C, which is discussed later on 

The belief that all the electrons contribute to the diamag- 
netism of the atom is further confirmed by a consideration of 

♦The two values here are an upper and a lower limit, according as we 
attribute all the effect to the electrons of the M group, or estimate for the 
K and L group by using the value for neon, reduced in the ratio of the squares 
of the nuclear charge. 

f The effect may be due to traces of iron in the substance in question. 
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the effect of chemiccil combination. The inner electrons of an 
atom are indifferent to chemical combination and thermal 
agitation . their contribution should therefore be independent 
of the nature of the molecule when the atoms are combined. 
The outer electrons, or some of them, are certainly affected by 
chemical combination, and their orbits modified. We should 
therefore expect diamagnetism to be an atomic property as 
far as the inner part of the atom is concerned, and the heavier 
the atom the more marked will be the atomic nature on the 
other hand, since the outside electrons also contribute to the 
diamagnetic susceptibility, we expect chemical combmation to 
have some small effect on the diamagnetism, the more marked 
the lighter the atom. This general argument finds support in 
observations on the susceptibility of molecules, and especially 
in Pascal’s law for diamagnetic organic compounds, which 
states that if is the molecular susceptibihty of the 
compound, X^ the atomic susceptibility of a constituent atom 
of the compound, then 

where A is a constant which has a fixed value for each tjTpe of 
molecular compound. 

To explain paramagnetism, it is assumed that the arrange- 
ment and magnitude of the orbits is such that the atom 
possesses a resultant magnetic moment, and tends to turn so 
as to set the axis of this moment parallel to the magnetic field, 
and so increase the intensity of magnetisation of the sub- 
stance An opposing force of some kind must also be assumed, 
or saturation would be obtained with the smallest fields. In 
the case of solids this may be attnbuted to the forces which 
lead to cohesion, which are probably of electrostatic nature • 
in the case of gases and liquids Langevin, to whom this theory 
of magnetism is due, assumes that it is supplied by the 
thermal agitation which tends to make all orientations equally 
likely. We may consider as an analogy the case of an atmos- 
phere subjected to gravitation . the tendency of the gravita- 
tional field is to cause all the molecules to pile themselves close 
together on the ground, and it is resisted by the sharing of 
velocities among the molecules due to gas-kinetic impact. 
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For all substances in which a turning of the elementary magnets 
—but no hysteresis — ^is assumed, it can be shown, by general 
thermodynamic reasoning, that the mtensity of magnetisation I 

is a function of — , or where T is the absolute tem- 


perature. Since for paramagnetic substances sub] ected to fields 

C 

not too large I is proportional to H, we have I= 7 p • which is 

I C 

Curie’s equation for paramagnetics, or susceptibility=ic=-===;= . 

Jtl 1 


If we express this in terms of the coefficient of molecular 
magnetism, or susceptibility per gram molecule, Xm» defined by 


the equation where d is the density and W the 

molecular weight, we have Xjr=C^, where is called Curie’s 
molecular constant. 

This is general. Applying his particular theory to the case 
of a paramagnetic gas Langevin was able to express the mag- 
netic mtensity in terms of the field for fields of any strength. 
The equation deduced is 


^=cotha-? (2) 

IW 

where is the magnetic moment of the gram molecule ; 

J^the saturation value of J^, attamed when all the elementary 
moments are oriented parallel to the field ; and a is written for 
I H 

R being the gas constant referred to the gram 

molecule. This equation is fundamental for the work of Weiss 
on the magneton, which is a much discussed feature of 
modem magnetic theory. The calculation can easily be 
carried out, by applying Boltzmann’s theorem If n is the 
magnetic moment of the molecule, whose axis makes an angle 
6 with the direction of H, the potential energy is - fiH cos 6, 

and the exponent in Boltzmann’s expression e iff is 


/iH cose _N/i.H cos e 
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where N is the number of molecules m a gram molecule. The 
number of molecules with mclmations between 6 and is 

dn= 2 nAe^'^^ sin 6 dd, 

where A is a constant which can be fixed by considering the 
total number of molecules 



<x— ► 

Fig 97. 

Langevin's function coth a - 


The resultant intensity must, from considerations of sym- 
metry, be obtained by resolving the moments in the direction 
of H, so that 


I^=fi cos 0 dll 


_ fiNa p 


^acosfl (.Qg Q gjjj Q 




which is equation ( 2 ), since fiN=I^. 


A.S,A. 


2P 



594 


STRUCTURE OF THE ATOM 


Fig. 97 shows the function coth plotted against a, which 

is equivalent to plotting against H. It will be seen that as 

a increases, coth a-- tends to the value i, whereas for small 
a 

values of a the curve approximates to a straight line 
TTialring a finite angle with the axis. For values of H not 
exceeding a certain value we have a constant susceptibility ; 
for extremdy large values of H, we have saturation. For 
paramagnetic substances at ordinary temperature suf&ciently 
large values of H to give saturation cannot be obtained in 
the laboratory — ^the range corresponds to the initial part of 
the curve, where the susceptibihty is constant. By gomg to 
very low temperatures, however, saturation can be approached, 

I H 

since is a function of — . 

Wq 

To find the slope of the curve in the neighbourhood of the 
origin, where the susceptibility is constant, we note that, if a 
issmaU j 

coth a — =-, 
a 3 


as can easily be verified by expansion. 


Hence 


or 


Im, 3 
7 P C 
H 2RT~ T 


• -(3) 


We have here the very important result that for a para- 
magnetic substance which rigidly obeys Curie’s law a single 
determination of gives the saturation value 
It is to be noted that the approximation for small values of 
H can also be obtamed by putting a small in the expression 
where the intensity is averaged, when we have 



a cos 6) cos B d, cos 6 = 


;i<iVarcos®6“|" 
~ L 3~ Jo 



or the constant ^ is obtamed by averaging cos®0 over all values 
of cos 6. Langevin's formula is, of course, based on classical 
statistics, in that all values of 6 are taken into account, while 
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on the quantum theory, as we shall see later, this is no longer 
permissible. 

This theory of paramagnetism, deduced originally for gases, 
can be easily extended to paramagnetic salts in solution : the 
close analogy between dissolved substances and gases has been 
realised since the days of van’t Hoff. Weiss has also applied 
Langevin’s general reasonmg to the molecules in a crystal, and 
has shown that, if we use a crystalline powder, so that all 
directions of crystalline axes are equally likely, then Langevin’s 
formula holds for a solid. 

Weiss has extended Langevin’s theory of paramagnetism to 
cover ferromagnetic bodies, which can possess a permanent 
magnetism, and has derived a formula somewhat more general 
than the Curie formula XT=C, which often fits cases not 
covered by the Curie formula. He assumes that within a 
magnetic body there can exist a molecular field, produced at 
any point by all the molecules in the neighbourhood of that 
point This field is assumed proportional to the intensity of 
magnetisation, or 

•^mol ~ 

while the total field H', made up of the molecular field and the 
external field H, is 

We may write 


which gives a straight line relation between and a^. If we 
consider the case of no external field, then a^=a, and we can 
plot this straight Ime, passing through the origin, on Langevin’s 
diagram, Fig. 97 . Where it intersects Langevin’s curve we 
have a value of 7^ which is permanent when there is no field, 
being maintained by the molecular field In this way per- 
manent magnetism is explained. Now suppose that there is a 
temperature 0 at which permanent magnetism disappears 
this is the so-called critical temperature, or Curie point. If the 
Langevin diagram be drawn for this temperature, the straight 


I X 

line must be tangential to the Langevin curve at 

RT 
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the origin, so as to give for the permanent the value zero. 
We know that, at the origin, the slope of the curve IJI^ 
against a is -J, and therefore 

RO _3 

ill. ’f' 

or 9=^. 

Considermg both external and molecular field, we have 

tTij. IT ff 1 . 

and •“ 


whence 


XJT-B)=^ = C„ 


The law expressed by this formula is sometimes designated as 
Curie’s generalised law, but as it is not due to Curie at all it is 
more correct to call it Weiss’s law In a sense it bears the 
same relation to Curie’s law as van der Waals’ law does to 
Boyle’s law. Langevin’s deduction, like the simple kinetic 
theory of perfect gases, takes no account of the forces exerted 
by the molecules on one another, while Weiss has introduced 
the conception of a molecular field, to be added to the external 
field, just as van der Waals introduced an internal pressure 
to be added to the external pressure. 

On Weiss’s law, as with Curie’s law, i/;C is linear with T, 
but the straight line does not go through the origin. Not only 
do ferromagnetic substances above the critical point obey this 
law over certain temperature ranges, as established by Weiss 
and Foex, but many sohd salts obey it over a large temperature 
range, as diown by Honda and his collaborator Ishiwara, and 
by Theodondes. For example, i/Z plotted against T gives 
good straight lines for FeSO* and CUSO 4 from -180° to 600°. 
Foex has found that for very concentrated solutions Curie’s 
law must m some cases be replaced by Weiss’s law, riiowing 
that in such solutions the molecules are able to give rise to a 
molecular field. 
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Direct Evidence for Electron Theory <A Ma gufttigm Lan- 
gevin and, following him, Weiss have, then, been able to 
account for the general properties of certain diamagnetic and 
paramagnetic substances by assuming as dementary magnets 
electrons circulating in closed orbits, the planes of which, in 
the case of para- and ferro-magnetism, are oriented by the 
magnetic field. Evidence in favour of a rotation of the mag- 
netic elements was deduced by Swmbume from certain experi- 
ments in which the magnetisation of iron was reversed by a 
strong rotating field, instead of by abrupt reversal of field. 
When the direction of the field is steadily rotated the orbits, if 
they follow the field, should pass from one position to the other 
without passing through any unstable states, and there should 
be no hysteresis losses. This prediction has been experiment- 
ally confirmed. The argument is interesting, but not con- 
clusive. 

Attempts have been made to obtain more direct evidence in 
favour of the fundamental h 3 ^othesis of paramagnetism. 
0. W. Richardson pointed out some years ago that if, as a 
result of the application of the magnetic field, there is a rota- 
tion of the planes of the electron orbits, then there will be a 
change of the moment of momentum of the electrons about 
a line parallel to the direction of the magnetising field The 
creation of a magnetic intensity in a given direction is equi- 
valent to the creation of a moment of momentum about that 
direction. The moment of momentum per unit volume, U^, 
is connected with the magnetic moment per unit volume 
by the simple expression 

rr r 

^,=2 I , 

=i 13x10-77, ( 5 ) 


* A simple, but not very thorough, method of denving this expression is 
to consider a single circular electron orbit, of radius r, in which the electron 
revolves with angular velocity o). Let /a and u be, respectively, the magnetic 
moment and moment of momentum pertaimng to this single orbit. Then 

eiry^b) . „ , 

a ler^ia , « = mr*<o, 

u m 
-= 2 — . 

IM e 


Hence 


\Conttmied on 598. 
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Hence, if an nnmagnetised rod (for which /,=o) be suddenly 
magnetised to intensity a moment of momentum about the 
X axis will be establidied, which, if the dectron orbits react 
upon the matter which contains them, demands the creation of 
an equal moment of the matter as a whole about the same axis. 
In other words, unless the atoms, or parts of the atoms, are 
free to turn without influencing the neighbouring matter, there 
will be a mechanical rotation of the rod about its axis of 
magnetisation, the magnitude of which is of measurable order. 
It is to be noted that the calculation depends only upon the 
assumption that the planes of the orbits do rotate, and does 
not consider the nature of the force that makes them rotate — 
whether the external Add, or an internal molecular Add, or 
both — so that it holds equally for para- and ferro-magnetic 
substances. The latter are, of course, used in experiment 
because of the large magnetic intensity realisable with them. 

Various experimenters have looked for this effect. Einstein 
and de Haas were the first to measure it, by making use of a 
resonance method to mcrease the an^ar deflection on mag- 
netisation. A thin cyhndrical iron rod is suspended vertically 
in a magnetising solenoid, and the period of torsional oscillation 
adjusted to be equal to that of an alternating current passed 
through the solenoid. In this way an oscillation of the rod is 
worked up, from the amplitude of which the increase of angular 
momentmn due to magnetisation can be calculated. J. Q. 
Stewart has earned out experiments on the same subject, with 
a hke arrangement of a rod suspended vertically m a solenoid, 
the rotation of the rod about its axis being measured by means 
of the ballistic throw on magnetisation. Very accurate experi- 
ments are due to Chattock and Bates, who make use of a 
method similar to that of Stewart. They have worked with 
three specimens of non, and one of nickel the spurious 
moments due to any lack of symmetry in the suspension are 

Since for any given orbit u and fx are codirectional 

2/jt /x" e 

A more satisfying proof is given in O. W- Richardson's Electron Theory of 
Matter (page 395, second edition, 1916), where it is easily shown that the 
moment of momentum is the same about any hne parallel to the direction of 
magnetisation. 
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carefully eliminated. While Einstein and de Haas found a 
moment of momentum agreeing within 2 per cent, with that 
given by equation (4), the later experimenters find about 
half this value. Thus for 

1 

? X 

/g 1-13x10-’ 

Chattock. and Bates find an average value of -503 instead of i. 
Sucksmith and Bates have since repeated the experiment by 
a null method, and find for iron -503, for nickel -501, and for a 
Heusler alloy -501. The inverse magnetomechanical effect, 
i.e. the production of magnetism by mechanical rotation, has 
been established and mvestigated by J. S. Barnett, who like- 
wise finds a value -5 instead of i for the above expression. 

These measurements of the magnetomechamcal effect lead, 
then, to a ratio of magnetic moment to mechanical moment 
twice as great as we should expect on classical theory. This 
cannot be satisfactorily explamed on classical mechanics, but 
it no longer stands as an isolated fact, for, as we have seen in 
Chapter XV., the study of the anomalous Zeeman effect shows 
that the magnetic effect associated with a given mechanical 
moment of the atom is not, in general, that which we should 
expect if Larmor’s theorem, exemplifying classical mechanics, 
held, but g times this Accordmgly the experiments under 
discussion have been interpreted as meanmg that for the 
atoms of the substances investigated g is 2, or that the atoms, 
or ions, are in the S state. There seems, however, little point 
in pushing things so far, since we know that ferromagnetism 
is not an atomic property, as evidenced particularly clearly by 
the Heusler alloys, and therefore the orbits concerned cannot 
be orbits of the atoms as we know them when emitting line 
spectra, but must be governed by forces of crystallisation, or, 
to be quite general, by the influence of neighbouring atoms. 
We know nothing of the outer atomic orbits m sudi cases. It 
is, perhaps, remarkable that the three ferromagnetic substances 
so far investigated all give the same value for the ratio. 

Although the magnitude of the effect disagrees with the 
theory to the extent indicated, it may be said that these experi- 
ments have diown that paramagnetism (using the term to 
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include ferromagnetism) is accompanied by the production of 
a mpfiTiani ral moment of momentum of the order to be expected 
if the magnetisation is due to electrons rotating in closed orbits 
which can be oriented by the fidd. 

Another method by which the question of nature and orienta- 
tion of the electronic orbits may be explored has been adopted 
by A. H. Compton and 0. Rognley, who have carried out 
experiments to see if the intensity of a beam of X-rays reflected 
from a crystal of magnetite changes on magnetisation of the 
crystal. If the atom is the ultimate magnetic particle, or even 
if the atom contains certain electron orbits of Bohr t 5 ?pe, the 
orientation of whose planes can be changed by the field without 
changing the orientation of the atom as a whole, such change 
of intensity is to be anticipated. It was not, however, 
detected, although a very sensitive null method was employed. 

From this the experimenters deduce that neither the atom 
nor the molecule is the ultimate magnetic particle, smce the 
supposition that the electron distribution m the atom is so 
nearly isotropic that rotation of the whole system leaves the 
arrangement of electrons m space much as it was is rendered 
untenable by general considerations. They consider that the 
electron itsdf must be the ultimate particle, and, further, that 
the electrons to which paramagnetism is due cannot circulate 
about the nucleus (iu which case a change of orientation of the 
plane of the orbit would markedly affect the average space 
distribution of the electrons), but must circulate about certain 
fixed pomts on the surface of the atom in orbits whose dimen- 
sions are small compared to the size of the atom, say of order 
IX 10 “* cms. or less. Such orbits are equivalent to Parson's 
" ring electrons,” and represent a point of view which has been 
adopted by Oxley and others. It is clear that if the orbit is of 
such restncted size a rotation of its plane will not affect the 
general distribution of electrons sufficiently to modify measur- 
ably the intensity of X-ray reflection, but it is not so clear 
that there are not other ways of explaining the result than this 
assumption, which is so much in conflict with our general 
views of atomic structure as to stand little chance of general 
adoption. If only one or two of the orbits' per atom take part 
in the paramagnetic mechanism (for which arguments can be 
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deduced if Bohr’s value of the magneton be considered; see later) 
it is possible that the effect of a partial rotation would not be 
measurable. This, however, supposes that in some obscure way 
the heat agitation commumcates itself to these selected orbits. 

In connection with these experiments we may mention an 
attempt of Ehrenfest’s to explain paramagnetism without any 
changes of orientation of the magnetic element in the atom. 
It is somewhat difficult to see how in a crystal such change of 
orientation can take place, for on Langevin’s theory the heat 
agitation of the atom or molecule is the controlling factor 
which tends to make all orientations equally likely . the 
crystal molecule cannot very well rotate without upsetting the 
crystal structure, and, if it were the atom which rotated, it 
would involve the atom having a thermal energy of rotation, 
which, on the theory of equipartition, approximately vahd at 
ordinary temperatures, would lead to too high a value of the 
specific heat. Ehrenfest, basmg himself upon general con- 
siderations due to Weiss, Stem, and Lenz, assumes that in a 
crystal the magnetic element consists of an electron circulating 
in an orbit, for the axis of which a given direction is fixed with 
reference to the crystal lattice . in the absence of a magnetic 
field a circulation in either sense is assumed to be equally 
likely, or to every electron moving m one sense there is one 
moving in the opposite sense The crystal as a whole, therefore, 
shows no permanent magnetism When, however, a field is 
applied the potential energy of the individual magnetic element 
has opposite signs for electrons moving in opposite senses, so that 
by Boltzmann's theorem the probability of the two states is no 
longer the same If we want to envisage a definite mechanism 
we must suppose that a certain number of orbits turn over 
with a snap, so that the circulation of the electron is reversed 

The crystal then acquires a magnetic intensity By Boltz- 
mann’s theorem the number of electrons circulating m the one 
sense is to the number circulating in the opposite sense as 
is to and the mean moment contributed by the elemen- 
tary magnet is _ ^„cos 9 _ ^-.coss 

(I cos 6 ^oos j g-acoa9 

—[i cos B tanh (a cos 6). 
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6 is the angle between H and the direction of fj,, the elementary 
magnetic moment, assumed to be fixed in the crystal lattice. 
If a crystal powder be used aU directions of (i are equally 
likely, and we must integrate over the half sphere. We get 

f iu tanh ax . Ax. 

■^BIO ^ 

Instead of assunaing a fixed direction for the elementary 
magnet we can, if we choose, adopt a quantised direction with 
respect to H, retaining Ehrenfest’s elementary magnets con- 
sisting of electrons circulating m opposite sense which are 
equally probable in the absence of a field. This leads to a 
somewhat more comphcated formula. A check on these 
formulae can be derived by considering the saturation value 
which is determined as a multiple of the Cune constant, 
the multiple depending upon the nature of the function express- 
ing Now gadolinium sulphate obeys Curie’s laws down 

to very low temperatures, and a saturation of 84 per cent, is 
attained, from which Curie’s constant can be determined. The 
value so found invalidates Ehrenfest's formula : how far it 
can be fitted by a quantum formula admitting a discrete 
number of indmations remains to be determmed. 

It cannot, in diort, be said that there is any direct decisive 
proof that magnetic phenomena are ultimately due to electrons 
circulating in orbits, and producing the magnetic force to be 
calculated from classical theory. There is, however, a strong 
body of indirect evidence to show that magnetic phenomena 
are amenable to the methods of the quantum theory of spectra, 
and that a completer knowledge of the properties of the orbits 
towards which a study of the complex spectra is leading will 
dear up many of the magnetic problems 

The Magneton. As regards the question how the ultimate 
magnetic partide, be it what it may, varies from dement to 
dement, Weiss, as is wdl known, has obtained evidence for the 
hypothesis that a certain dementary magnet — or its equivalent 
— of fixed moment i8'5xiO“®® gauss cms. is a constituent 
of all magnetic matter : this dementary magnet he calls a 

* /i//t=/(a), then See Debye, Handbuch der Radtologte, 

voL vi p. 714. J v>) 
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magneton. Weiss’s contention may be formally stated as 
follows : — ^whenever we can determine, directly or indirectly, 
the magnetic moment of an atom, this moment is fomd to be 
a whole multiple of a single elementary moment, the magneton. 
The elementary mom^t per gram molecule, one magneton 
being attributed to each molecule, is 1123*5 gauss cms.* If 
Avogadro’s number be taken as 6*o6xio®*, this gives the above 
value for the magneton. 

We can calculate from experiment the magnetic moment per 
atom if we have saturation conditions, since in that case every 
atom will be contributing its full magnetic moment to the 
intensity, or moment per unit volume, I. There are, however, 
ways of estimating the magnetic moment of the atom without 
reaching saturation conditions, which are hard to attain with 
paramagnetic substances. The methods of deriving it experi- 
mentally may, in fact, be divided into four classes, which wiU 
be briefly considered. 

Firstly, we may use paramagnetic metals at very low tempera- 

H 

tures. The magnetic behaviour depends upon the ratio — , so 

that whereas enormous fields may be necessary to produce 
saturation at normal room temperature, fields practically 
obtainable suffice to produce an approach to saturation when T 
is small. Secondly, we may experiment with ferro-magnetic 
materials at temperatures above the Curie point, where the 
behaviour becomes, in a sense, paramagnetic at such tempera- 
tures we have Weiss’s equation, 

y — 

as a good representation of experimental fact. We are here, 
of course, far from saturation . in fact, the validity of the 

I H 

formula depends upon a=-^ - being small. Thirdly, we may 

K1 

consider solutions of paramagnetic salts, for which extensive 
series of measurements have been made by Pascal, and Cabrera 
and Moles. Here again we can work far from saturation, 
and Langevin’s theory applies (or, for very concentrated 

*** Weiss "hag recently amended this value to 1126 gauss cms. 
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solutions, Weiss’s equation). Hence to find the saturation 

value I„ the formula ra 

^ r 

can be applied, the value of being found from Curie’s law 

Q 

^ sbigle determination of at a given temperature. 

Fourthly, the saturation value can be obtained by working 
with certain paramagnetic compounds which m the solid state 
obey dosdy Curie’s law. Such bodies are called normal para- 
magnetic bodies, but complete normality among paramagnetics 
seems to be as rare as it is among humanity Gadolinium 
sulphate is, for instance, one of the few substances which obey 
Curie’s law down to very low temperatures. However, certain 
sohd paramagnetic salts obey Weiss’s law over a large range of 
temperatures, as established by Honda, alone and in collabora- 
tion with Ishiwara, and by Theodorides. Reference to sub- 
stances for which this bdiaviour has been demonstrated was 
made on p. 596. 

It is very remarkable that gadohnium sulphate should obey 

Langevm’s law /^//,„^=coth a-^ even dowm to practically the 

lowest attamable temperature of 1-31 absolute, as it does , at 
this temperature a saturation of 84 per cent, of the tlieoretical 
maximum is reached. Not only is the substance a solid, so 
that a rotation of the elementary magnets is, as already 
explained, hard to understand, but at these extremely low 
temperatures the law of equipartition would be expected to 
break dowm, and it is imphcitly assumed in Langevm’s theory. 
Ehrenfest’s theory was constructed to meet such cases, but, 
as already pointed out, it is not altogether satisfactory. What 
is satisfactory is that the saturation value for gadolinium 
sulphate has also been calculated from the Curie constant, and 
the value so determined agrees with that obtained directly. 
This substance is so far unique in havmg its atomic moment 
fixed by these two independent methods. 

The results of the four methods of investigation mentioned 
above have been adduced by Weiss to prove the existence of 
his magneton. It must not be thought, however, that they 
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are sufficiently simple to permit the hypothesis that a fixed 
number of magnetons is invariably associated with an atom of 
a given element Consider, for example, the experiments on 

ferromagnetism above the Curie point. When - is plotted 

X 

against T, instead of the single straight line to be expected we 
have a curve consisting of a senes of approximately straight 
lines of different slopes connected by comparatively sharp 
elbows, i e. over a given range of temperature there be a 
line of given slope, which is succeeded by a line of a different 
slope for another range of temperature If the existence of 
the magneton be admitted, this can only mean that the number 
of magnetons associated with a given kmd of atom changes 
abruptly at certain temperatures, presumably due to modifica- 
tions m the outer orbits. Again, in the case of solutions, the 
number of magnetons associated with a given atom depends 
upon the valency of the dissolved salt, and is often different 
from the value associated with the same atom combined m 
a solid compound. Other examples of varying number of 
magnetons might be given To take the ferromagnetic metals 
as an example, metallic nickel has 3 magnetons in the 
neighbourhood of absolute zero, but 8 for temperatures be- 
tween 500° and 900° C. Above 900° C. it has 9 When 
combined* as a salt it can have either 15 or 16 in the sohd 
state, while in solutions it has 16 magnetons The variability 
of magneton number is equally remarkable for iron and 
cobalt. 

The type of evidence on which the magneton is based has 
been briefly described ; a more detailed discussion of some of 
the measurements is given in the next section It may be 
said at once that the existence of the Weiss magneton as 
a fundamental unit is certainly not established beyond con- 
troversy. It is always difficult to establish a whole number 
rule, especially when the experimental data are not measured 
with a high degree of accuracy, and the whole numbers mvolved 
as multipliers may be large. (Integers greater than 30 are 
frequently in question as magneton numbers.) Small dif- 
ferences from integers are always explained as due to 
experimental error — ^for instance, Kamerlingh Onnes obtained 
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for the atomic magnet of gadolinium 39-2 magnetons, which, 
he says, is 39 within experimental error. Bigger variations 
from the whole number axe often found — ^the recent measure- 
ments of Theodorides give fractions of a magneton in the case 
of cobalt and nickd. chlorides, while Cabrera gives 29-43 
magnetons for dissolved MnCl 2 , and 28*45 solid MnClg and 
solid MnO. If the magneton is indeed a universal constant, 
it is, of course, of the greatest importance for considerations of 
atomic structure, whatever speculations may be made as to 
the nature of the elementary magnet. It is, however, clear 
from what has already been said that the evidence in favour 
of the Weiss magneton leaves something to be desired. 

It is natural to try to connect the magneton with the accepted 
universal constants ; any simple and reasonable expression of 
this elementary magnetic moment in terms of these would 
greatly strengthen its position.* Bohr’s simple theory has 
connected the moment of momentum of an electron in an orbit 
with Planck’s constant h, so that we can easily calculate the 
value of the magneton on the assumption used in the theory of 
the hydrogen spectrum. The magnetic moment is 

X 

and by the quantum hypothesis 

}ncor^= — 

2n 

whence 1 . 

m 4n: 

or, taking n=x, to give the magneton, 

M=— ■ — x6-o6xio®® per gram molecule, 

attributing one magneton to each molecule. 

The numeri(^ value of this is 5589 gauss cm., which is almost 
exactly five times (actually 4-97 times) the Weiss magneton. 
In the l^ht of this result the Weiss magneton has been critically 

• Jnst as Bolix’s expression of Rydberg's constant in terms of nmversal 
constants won immediate support for his theory. 
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examined from the point of view of the quantum theory, 
especial enquiry being made as to how far, if at all, experiment 
speaks against the Bohr magneton. 

At first sight the fact that the numbers of magnetons found 
experimentally for differait atoms are but seldom multiples of 
5, and are in certain cases actually less than 5, would appear 
to rule out the Bohr magneton. It is to be noted, however, 
that a number of magnetons less than 5 is rare, and is only 
found, in fact, for ferro-magnetic solids at very low tempera- 
tures. The crystaUme forces in the solid may well prevent com- 
plete orientation of all the orbits (it is, in fact, astonidiing that 
Lange vin’s theory holds as well as it does), and, again, in the 
neighbourhood of the absolute zero we must be prepared for 
departures from any law which is based on the supposition that 
all atoms have the same fixed number of quanta of action for 
their orbits. As regards the infrequent occurrence of multiples 
of 5 Weiss magnetons, W. Pauli has indicated how this can be 
explained on the quantum theory. He confines bimself to the 
case of paramagnetic gases, since for solutions the question is 
complicated by the electric field of the water molecules and 
the formation of various hydrates, while for solids the crystal- 
line forces cause difficulties His theory has, however, been 
extended to apply to solutions and to solid salts His argu- 
ments will now be given in outline. 

Suppose, then, we have a gas in which the molecules possess 
resultant magnetic moments tending to set themselves parallel 
to the magnetic field. Whereas on classical theory any orien- 
tation of an elementary moment is possible, on the quantum 
theory only certain angles with the direction of the magnetic 
field are permitted, smce the presence of the field gives a 
reference hne for quantising the directions of the moments 
m space. We are deahng, in the case of gases, ivith the 
susceptibihty as determined by the formula 

V=C„=^ . (3) 


P 

y T— r =i*?a 


K 


( 6 ) 


or, in general, 
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We are so far from saturation that the directing influence of 
the magnetic field is negligible for this discussion On 
gevin’s theory the value of iC in (6) is : this, as we have seen, 
is the result of taking an average vdue of cos® 6 , where the 
angle 0 between the magnetic moment and the magnetic field 
is distributed at random in three dimensions, ie. we adopt 
classical statistics. When we turn to the quantum theory only 
a limited number of determinate values of 6 are admitted as 
possible • for a quantum number n, there are n different, 
equally probable, angles. Instead of averaging cos® 0 over all 
values of 0 distributed at random we have to take the mean 
value of cos® 0 for a discrete number of values of 0, given by 
space quantisation. The result of this is that for every dif- 
ferent quantum number we get a different constant K in 
formula (6) instead of J, the value ^ being the limit reached 
as n tends to oo . The formula which Pauli denves is 



(w + i)(2n + i) 

271® 


(7) 


when the bar denotes average value, and n is the number of 
units (Bohr magnetons) in the elementary -magnet. Pauli 
more or less arbitrarily excludes the case where the elementary 
magnet sets with its moment across the field. For example, 
if «=i, aU the moments are parallel to field ; O—o and K=i. 
If »=2, 0=0 or 6o°, both directions being equally probable, 
and calailation shows that If «=3, 0 has three possi- 

ble values, and K =^, and so on. The consequence is that 
the number of Bohr magnetons m a given molecule is not a 
whole number, as it would be if all directions were admitted 
for the magnetic moments, but is a fractional number whose 
value depends upon the number of quanta allotted to the 
orbit Thus, dn=x, which corresponds to i?=i, the value of 
the elementary magnetic moment should be 5V3 = 8 7 times a 
Weiss magneton * If n=2 the value ^ould be 5 Vi/Vf times 
2 Weiss magnetons, i.e. io\/J^=i3*7 times a Weiss magneton. 

♦The formula used by Weiss is i^=3J?rX, whereas, on the quantum 
theory, I^=RTX when »»=i. Hence the ratio of the two magnetons is 
increased by 
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Now tlie only two paramagnetic gases for whidi satisfactory 
measurements of susceptibility have been made are Oj and NO,* 
for which the number of Weiss magnetons has been found to 
be about 9 and 14 respectively. It is astonidiing that th es e 
numbers should be so near those calculated for i and 2 quantum 
orbits on the theory just indicated. We know so little of the 
d3mamic model of molecules, especially of molecules containing 
a fair number of electrons, that it is useless to speculate as to 
how the one and two quantum electrons circulate in the O, 
and NO molecules. 

Pauli’s theory has been modified by later workers, to tsk^ 
into account the anomalous magnetic behaviour of the general 
atom which finds expression in the anomalous Zeeman effect. 
Pauli assumed that the elementary magnet behaves as if it 
were a hydrogen atom, or, in other words, as if the sphttmg 
factor g, discussed in Chapter XV, were i. Now we know 
that, in general, g is not i, and that the magnetic moment 
resolved in the direction of the fidd is mg umts (Bohr mag- 
netons), where m can take the values ±y, ±(j - 2) 

We therefore replace the expression 

T H 

-^cose, 

RT 

deduced for the case where 6 could have any value, by 
Njg/i^H m_mgiUsH 

RT ■; kT ’ 

where is the Bohr magneton. Followmg the line of argu- 

ment used m deducing Langevm’s formula, Ae is the 
number of molecules whose moment resolved parallel to the 
field is and to determine A we have 

-j 

=A±[i ^ ^ IS small, 

* It may be jioted that m Kaye and Laby’s tables Ng is given as para- 
magnetic, whereas it is now known to be diamagnetic this is an example of 
the uncertainties of magnetic measurements. 

A.S.A. 2 Q 
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where the summation has to be carried out over all values 

of m from +•/ to inclusive. '^m=o, and 2x=2; + i 

-a -o 

since the number of states is 2j + 1. Hence 


A=N- 


2J + T 


and the total moment is 




hT ' z ‘ 


smce 


Hence 


n. 


Xm 


S**=-(«+i)(n + J). 

0 o 

~l kT ‘ 3 kT 


3 + x 


.( 8 ) 


Now the experimenters usually express their results in 
terms of Weiss magnetons, usmg Langevm’s formula 

y = 

"* ZRT 3 kT 


to detemune the elementary moment ^ from the experimentally 
found X. Suppose, then, that [ly^ be the Weiss magneton, and 
n-yy the number of Weiss magnetons, we have 


or 


Hence 


XN{nyfHyyY_ _L N ] + X 

z kT I kT ' J ‘ 

Uw/ 3 ' 

^w=3S^^^4-97. 

3 


since we know that I2bIi^w=4'97- This shows us how to find 
the numb^ of Weiss magnetons to be anticipated for a given 
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3.ioni or ion if tlie above theory is correct i fbid the value of j 
and ^ for the atom or ion, and multiply the product by 


4‘97 



Sommerteld was the first to take into account the anomalous 
magnetic behaviour : he assmned that in the case of die ions 
of the iron group we are dealing with the S state, so that g=2. 
In this case 


iN^n^Us^ n+2 
— 

I » + 2 

RTl~ 


(9) 


where n=2j is the number of Bohr magnetons m the elementary 
magnetic moment. Hence, on Sommerfeld’s hypothesis. 


cos®fl=- 


I n +2 


n 


as contrasted with Pauh’s original value 


...{ga) 


— 5-5 I {n+x){2n + x) , . 

cos® 6=- (7) 

3 2«®. ' 

As n tends to 00 , cos® 0 tends to ^ in both cases, which is 
necessary, since Langevm’s value must appear when all values 
of 6 are admitted ♦ 

In discussing the paramagnetic 10ns later in this chapter we 
shall see that Hund has applied the general formula (8) to the 
rare earths, while Sommerfeld has applied (9) to the mter- 
polated elements of the first long penod. As Afferent workers 
have made use of Pauh’s and Sommerfeld's methods, a httle 
table showing the number of Weiss magnetons corresponding 
to integral numbers of Bohr magnetons is appended, n is the 


* A difficulty of Pauli's theory, both in its original form and as modified, is 
that at high temperatures the formula for the susceptibility does not, m the 
general case, go over into the classical form deduced by Langevin, as on the 
general conceptions of the quantum theory we should expect it to do. I hear, 
as the book goes to press, that this difficulty has been satisfactorily settled 
by application of the new mechanics to the problem 
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number of Bohr magnetons, and n-^ the equivalent number 
of Weiss magnetons. 


n - « - 

I 

2 

3 

B 


6 

fl 

8 

9 

fiff (Pauli) - 

8*7 

13-7 

i8*7 

23*7 





48-7 

(Sommerfeld) - 

8*7 

I4-I 

19-3 

24-5 

29 6 

34-6 

39 7 

447 

49 7 


The Faramagnetio Atoms. We now turn to a more detailed 
consideration of the marked paramagnetic properties exhibited 
by atoms possessiug certain electronic groupings. We know 
that strong paramagnetism is connected with the building up 
of a sub-group temporarily passed over m the scheme of atomic 
structure — ^thus for the elements scandium to nickel the 33 
sub-group is built up, although 4^ orbits are already occupied 
for calcium, and continue to be so for heavier elements. A 
sub-group consists of two grouplets, and the completion of a 
grouplet corresponds, we believe, to zero moment. Hence if 
the grouplets are built up successively, one bemg completed 
before the other is started, we should expect a minimum (zero) 
moment within the group of paramagnetics, but if the two 
grouplets are built up by some kind of alternative additions to 
the one and the other we cannot, of course, make any such 
prediction It will be seen later that the rare earth elements 
lanthanum to lutecium (cassiopeium) show such a minimum 
moment within the group, while the scandium to nickel 
elements do not. 

Before attempting a discussion of the paramagnetic suscepti- 
bilities it may be well to add something to what has been 
already said as to the experimental determinations. These 
determinations generally refer to ions, since they are carried 
out either with solutions of salts or with solid salts of the 
metals. If we suppose the susceptibility of a solution of a 
paramagnetic salt to be proportional to the concentration 
(which is rigorously true of solutions of nickel salts, for instance), 
we can attribute a certain susceptibility per unit mass to the 
dissolved salt. A correction must be made for the diamag- 
netism of the solvent. In the case of the salts under con- 
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sideration the susceptibility of the paramagnetic ion is large 
compared to that of the diamagnetic radical combmed with it 
in the salt, and so a correction for the radical can be made with 
accuracy, the value obtained for the paramagnetism of the 
metallic ion being found to be the same when different salts 
are used. We have already seen that all atoms are essentially 
diamagnetic, the paramagnetism bdng superimposed, but a 
rough calculation shows that the subjacent diamagnetism is 
negligible for the ions in question. We can, then, obtain 
from measurements made with solutions a value for the 
atomic (or, rather, the ionic) susceptibility of the metallic 
elements. Now, in general, solutions obey Curie’s law, 

(3) 

although, as Foex has shown, for high concentrations it may 
be necessary to use Weiss’s modification, 

X{T-d)=C (4) 

In either case the value of C can be found from the experi- 
mental data, and hence the saturation value J^, and the 
elementary magnetic moment. 

While, as stated above, for some salts, notably mckel 
sulphate, chloride, and nitrate, the veilue found for the suscepti- 
bihty per ion is independent of the concentration, m general 
there is a certain definite, although not large, variation with 
the concentration. We can take the value obtained by extra- 
polation for infinitely dilute solutions, or, on the other hand, 
we can suppose with Weiss that ions of two different adjacent 
magneton values are present, the equihbrium between which 
changes with the concentration, and assume that both these 
values represent possible states of the ion This is to suppose 
that the fractional magneton values are due to ions of mtegral 
magneton values present in different proportions, just as 
fractional atomic weights are due to mixtures of isotopes of 
whole number masses. These features of the measurements 
are mentioned to indicate that, in spite of the accuracy of a 
measurement made with a given solution, there is a certain 
element of doubt as to the exact value of the elementary 
magnetic moment to be attributed to some of the ions. 
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The measurements of paramagnetism made with solid salts 
by Honda and his collaborator Ishiwara, and others, may also 
be invoked. Many of these salts obey Wiess’s law over a large 
range of temperature, as exhibited by plotting xjX against T. 
From the slope of the straight line a value of Curie’s constant 
can be obtained, which agrees in general with that obtained 
from solutions. 

The atomic susceptibility (Xg=^A, where A is the atomic 

weight) of a metallic ion depends upon the valency which it 
exhibits or, in other words, upon the charge which it carries. 



Fig. 98. 

Influence of valency on paramagnetic susceptibility of elements 
from chromium to copper 


It has, for instance, already been mentioned that it is dif- 
ferent for ferrous or ferric, or for cuprous and cupric ions. 
Hence there can be no single-valued functional rektiondiip 
between atomic magnetism and atomic number. Kossel was 
the first to point out an elegant relationship which considerably 
simplifies the discussion. If we consider not the atomic 
number, but the number N of extranudear electrons actually 
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present in the ion we find that a given atomic susceptibility 
corresponds to a given number of dectrons, no matter what 
the nuclear charge may be. This is exemplified in Fig. g8. 
The crosses represent the measured atomic susceptibility of the 
ions plotted against the atomic number Z : for the Z 
there are, in most cases, two values of If, however, the 
crosses be displaced to the left by a number corresponding to 
the valency of the ion in question (for instance, the value for 
ferrous iron is displaced two places to the left, that for ferric 
iron three places), a one- valued relationdiip for is obtained, 
represented by the heavy line in the %ure. Ions with the 
same number of electrons have the same susceptibility. This 
recalls the Kossel-Sommerfeld displacement law m spectra. 

Weiss and the other experimenters who have determined the 
magnetic moments of the ions have, in general, expressed their 
results in terms of the Weiss magneton. Frequently, as in the 
case of nickel, for which the value is i6*o6, the number of 
Weiss magnetons is very nearly an mteger, but in other cases 
the departure from integral value is considerable. It has 
already been mentioned that Weiss invokes, among other 
things, the existence side by side of ions of different magnetic 
moments to account for this Epstein and Gerlach, however, 
independently applied Pauli’s theory of the Bohr magneton to 
the measurements made with solutions of paramagnetic salts, 
and obtamed very interesting results, although the departures 
in certain cases from integral multiples of the Bohr magneton 
were as marked as those in other cases from integral multiples 
of the Weiss magneton. As far as exact mtegral values are 
concerned, supporters of the Weiss magneton can hold then- 
ground. It must be remembered, however, that the integral 
numbers involved in the case of the Bohr magneton are very 
small, while in the case of the Weiss magneton we are dealing 
with integers in the neighbourhood of 20 There is one very 
striking argument for the Bohr magneton furnished by the 
experiments in question. Even allowing the numbers to be 
rounded oft so as to be mtegral multiples of the Weiss magneton, 
only certain multiples are found, namely, 9 (Ti"*"*"*" andCu"*"*-), 
16 (Ni++), 19 (Cr++-^), 24 (Cr++) and 25 {Co++), and’29 {Mn-»"<- 
and Fe"*"*”*'). Now it seems strange that, in the first place, the 
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smallest number of magnetons should be 9, and, in the second 
place, that even after 9 there are large gaps in the integer 
series. Referring, however, to the table on p. 612, we see that 
on the Pauli theory (or Sommerfeld’s modification of it) there 
are only five possibilities for values of the Weiss magneton 
below 30, viz. 8-7, i4-i, 19-3, 24-5, 29-6 (Sommerfeld’s values). 



JFIg. 99. 

Magnetic moments of paramagnetic 10ns of first long period. 

Values denved fiom paramagnetism of solutions + 

Magnetic moments of core (Stoner; Q 

The five values found experimentally are just in the neighbour- 
ood of these numbers. The lack of exact agreement between 
experiment and magneton numbers, which is found in certain 
cas^ on bott theories, must be attributed to secondary features 
of the mechanism : if fractional values of g be allowed, frac- 
tional values of the Bohr magneton will, in general, appear 
fig. 99 shows the results obtained by a study of the para- 
ma^eto of solutions, the magnetic moment of the ion, 
mdicated by a croK, being expressed as a multiple of the Bohr 
niagneton. (In Fig. 98 the values are expressed in absolute 
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units.) Sommerfeld's values, given on p. 612, are used to 
convert Weiss magneton values, in whidi the results are given 
by the experimenters. It will be seen that while for ions con- 
taining 18, 19, 21, 22, 23, 25 and 28 electrons the multiple of the 
Bohr magneton is approximately an integer, for ions of 24, 
26 and 27 electrons the integral rule is far from being obeyed. 
We can, of course, assume that ions of two different integral 
magneton values are present in sudb cases. The chief interest 
of the diagram is that, as indicated by the heavy line, the 
assumption that the number of Bohr magnetons increases from 
0 to 5 by steps of unity as we pass from N = 18 to Al=23, and 
then decreases by steps of unity to o at N =28 agrees fairly 
well with the experimental data. It may be noted that at 
N =21 there are two possible values for the magneton number, 
viz. I for V’’"*', and 3 for Cr+++. This indicates two possible 
stable arrangements of 21 electrons according as the nuclear 
charge is 23 or 24. Now Hund has deduced from spectral 
evidence that the number of electrons in 3^ orbits is 3 for 
vanadium, but 5 for chromium, the value 4 not occurring 
The above fact may be connected with this pecuhanty. 

Fig. 99 also shows the magnetic moment of the core of the 
atoms, as deduced by Stoner on his assumption that the 
magnetic moment of the atom can be made up of that of 
the core and of a single optical electron. He finds 

where is the moment of the core, and r is the multiplicity. 
This gives, of course, three values of for the middle elements, 
since they have three spectral systems of different multiplicity. 
The values of are indicated by circles, the value correspond- 
ing to the deepest term of all the spectral systems being indi- 
cated by a heavier circle. It will be seen that there is a kind 
of general correspondence between the values so obtained and 
those deduced from the magnetic data, everything gomg to 
show a maximum moment in the middle of the family. The 
diagram also indicates that there are plenty of irregularities 
stUl to be cleared up. 

The elements of the rubidium-xenon period have not been 
suffiaently investigated for general conclusions to be formed, 
although much work has been done on individual elements. 
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notably palladium In the period of thirty-two the rare earths 
have been studied in detail, especially by Cabrera and St. 
Meyer, the solid salts being used. Fig. lOO shows the values 



Magnetic moments of rare earths 
( X = St. Meyer’s measurements , + = Cabrera's measurements). 

obtained by both these workers, expressed m terms of the 
Weiss magneton, and it will be seen that there is very clear 
evidence for the division of the rare earths mto two groupings. 
On Stoner's theory the rare earths correspond to the building 
up of a sub-group of fourteen 44 electrons, consisting of six 
448 and eight 444 electrons. In the case of the 10ns considered 
we are not troubled with electrons of an mcomplete grouplet 
for which n— 6 , since the maximum number of electrons of the 
n =6 group is two for neutral atoms of the rare earths, and 
the ions with which we deal are always triply or quadruply 
charged Hund has derived satisfactory values for the 
magnetic moments of the different 10ns from the basic terms 
of the spectra, which m the case of the rare earths are not 
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known experimentally, but can be deduced from certain 
general rules derived from a consideration of known complex 
spectra. The basic terms being calculated, not only as regards 
the multiplicity but also as regards the value of j, we can find 
the value of g from Tandy’s formula given in Chapter XV. 
The moment is then given hy.jg (which will not, in general, be 
an integer) in terms of the Bohr magneton, and to get the value 
in ter ms o f the Weiss magneton we have to multiply by 

4-97 1 , as explained in the preceding section. The values 

so calculated by Hund are shown by the curve m Fig. lOO. 
The experimental points, indicated by crosses, lie astonidiingly 
close to it. The method, however, has no success with the 
elements scandium to nickel, where Sommerfeld’s earlier 
treatment gives better results. 

Experiments with Atomic Rays. Gerlach and Stem have 
succeeded in finding the magnetic moment of single atoms, in 
the state of a highly rarefied gas, when they are far removed 
from the influence of other atoms. Their experiments are of 
the greatest importance, as they not only yield a direct estimate 
of the magnetic moment whidi speaks m favour of the Bohr 
magneton, but they also afford the most direct proof of a 
quantisation of the direction of the moment of the atom in 
space with respect to the direction of the magnetic field. 

The metal to be investigated is obtained in the form of a 
beam of uncharged atoms moving in a space evacuated so 
highly that the atoms traverse it without a collision. Such an 
" atomic beam ” {Atomstrahl) can be obtained by vaporising a 
metal in a very high vacuum ; the atoms, shot off with a 
velocity which can be deduced by the kinetic theory of gases 
from the temperature of vaponsation, pass through suitable 
slits, which isolate a narrow pencil If necessary the space in 
which the vaporisation takes place can be separated from the 
mam body of the vessel by a narrow sht, and a lower pressure 
maintained in the latter than in the former. Such atomic 
beams were first investigated m detail by Dunoyer.* It is of 

* For a general account of the work which has been done on atomic beams, 
see W. Gerlach, Atomstrahlen, Ergebntsse der exacien Wissenschafierit in. 182, 

1924. 
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interest for the present discnssion to note that the velocity of 
the flying atoms has been directly measured by Stem, whose 
results agree with the estimates which are made from the kinetic 
theory. 

The theory of the experiments of Gerlach and Stern is 
simple. Accordmg to the theory of quantisation of direction, 
an atom which possesses a rescdtant moment of momentum 
must orient itself in a magnetic field so that the component 
of the moment in the direction of the field is an integral 
multiple of the unit hjin. In particular an atom of unit 
moment must set itself with its axis of momentum either 
parallel to, or antiparalld to the field. If such an atom, 
equivalent to a minute bar magnet, finds itself in a uniform 
magnetic field, there will be no tendency for it to move 
either towards the one magnetic pole or the other, but if the 
field be inhomogeneous the atoms whose axes are parallel to 
the field will tend in the one direction, the atoms whose axes 
are antiparallel will tend to move in the opposite direction. 
The qualitative result of this is that if a beam of atoms be sent 
through an inhomogeneous magnetic field, in which the direc- 
tion of the gradient of magnetic force is normal to the beam, 
it will be split into two discrete beams, while, on the other 
hand, if all directions of the atomic moment in the magnetic 
field be admitted, as on the classical theory,* the beam will 
merely be broadened. If, then, the deflection of the atomic 
beam can be observed, experiment will afford a decision for or 
against space quantisation. If the magnetic moment is unity 
we riiall have the splitting mto two To consider the general 
case, and express ourselves m terms of the spectral theory, the 
number of parts into which the beam is split wiU be 2; + 1, 
where j is Sommerfeld’s j for the basic term of the spectrum of 
the neutral atom in question. Thus for an atom of Column I, 
for which the S state is basic, with 7=-^, and for which we 
have unit magnetic moment, there should be the two beams 
which we have considered. If the basic term is a *S term. 


^ * On the classical theory if an atomic magnet, whose axis is in a given 
direction, enter a magnetic field, the elementary axis wiU maintain its inclina- 
tion to the field, but execute a motion of precession round the direction of 
the lines of force. 
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y =|-, there should be a splitting into six. To get the magni- 
tude of the separation we must consider the g value, smce 
the magnetic moment is mg. Neighbouring beams will differ 
by unity in the value of w, in all cases, and therefore the 
separation will be simply proportional to g. Thus for thal- 
lium, which we shall have to mention later, the basic term 
is a term, y=i; whereas for *S terms g= 2 , for 
terms g=f. Therefore with thallium we ^ould expect a 
splitting into two, but a separation only one-third of that 
of sodium, say. 

What is actually observed is the displacement X of the beam 
normal to its direction. To obtain a quantitative theoretical 
value for this displacement, let /i be the moment of the atomic 

'dH 

magnet, H the field strength, and — the field gradient which is 


in the same direction as H, and normal to the path of the atom. 

ZH 

Then the force acting on the elementary magnet is i/* -5- , the 

Ox 

sign dependmg upon whether pt is parallel to or antiparallel to 

— . If the flying atom has velocity v, mass M, and traverses 

. . ZH 

a path of length I at every point of which ^ has the same 


value, elementary considerations show that 


2 M dx \vJ 


If as unit moment the Bohr magneton be assumed, and if N 
be the value of the Bohr magneton per gram molecule, W the 
molecular weight of the element in question. 


"2 W dx\v) ‘ 


(10) 


It has been assumed that the atoms all have the same 
velocity. Actually, if obtained by evaporation, they will, of 
course, have the Maxwellian distribution of velocity. This 
will lead to a broadening out of each of the discrete beams, as 
shown in Fig. loi, a, b, c, which represent diagrammatically the 
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trace of the beam on a plane normal to its direction Fig. loi (<i) 
diows the general form of trace to be expected with the actual 

SJjT 

experimental disposition, where — diminishes symmetrically 
on either side of a mid line horizontal in the diagram. At 




O O O <33) 


(a) (b) (c) (d) 

Fig 101 

Diagrammatic trace of atomic beam on plane normal to its direction. 
(a) No field (b) Field : uniform velocity (c) Field Maxwellian 
distnbution of velocities (d) General appearance with type of field 
experimentally produced. 



some distance from this hne, where the field becomes practically 
homogeneous, the two parts of the beam will come together. 

The apparatus used is represented m Fig. I02 F is the 
miniature furnace (about i cm long) in which the metal M is 





(f>) 


Fig. 102. 

Gerlach and Stern's apparatus for investigating the magnetic 
behaviour of atomic rays, (a) General scheme of experiment. 
(6) Pole pieces as seen lookmg along atomic beam. 


vaporised. This furnace is contained in a separate vessel 
communisating with the rest of the apparatus by the slit H 
through whidi the metal atoms issue, and the furnace vessel is 
exhausted by its own pumping system. SS are Hia pbragms 
pierced with small holes, to limit the beam. PP are the poles 
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(^) (b) (c) 

Fig. 2. 

Atomic Rays in Inbomogeneous Magnetic Field. (Gvilach and Stem ) 

Fig. I. Silver : (a) without field, (b) with field. 

Fig. 2. Nickel • (a) with field, (b) without field, (c) control experiment with sUvei 
f. P 623] 
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of the magnet, producing a fidd which is inhomogeneous, 
varying strongly in the vertical direction, but uniform at all 
points of a given horizontal line in the diagram. G is a glass 
plate, which can be cooled if necessary, exposed to the atomic 
beam : the atoms form a deposit where they strike, which 
is generally too faint to be seen, but can be devdoped to good 
visibility by means of a speaal technique described by Gerlach 
and Stem. The whole apparatus of diaphragms and magnetic 
poles is endosed in a vessel which is very highly exhausted. 
Fig. 102 (6) shows the form of pole-pieces used to produce the 
inhomogeneous fidd, as seen looking along the direction of the 
beam. The distance between the knife edge and the plane of 
the slotted pole-piece is about i mm. The field so produced 
was quantitativdy investigated by means of a small dia- 
magnetic wire, the repulsion at various points being measured. 
The inhomogeneity is, of course, strongest in the vertical line 
through the knife edge, and falls off to left and right,^so that 
an atomic beam of imit moment, spht into two if the antidpa- 
tions of the quantum theory are vahd, would be most widdy 
separated in this line, the separation duninishing to either side 
until a place is reached where the gradient is not sufficiently 
strong to produce a resolution of the beam. It may be 
said at once that in many cases a sphtting into two of the 
beam was observed, the middle part of the trace having 
the form shown m Fig. loi {d), m accordance with the above 
explanation..^ 

Plate VIII., Fig. I, shows the result of an experiment with 
silver : on the left is the trace of the ray without field, on 

the right with field. The direction of ^ is horizontal in 

these photographs. The projection on the left hand side of 
the trace obtained with the field is due to the very strong 
gradient of magnetic force in the immediate neighbourhood of 
the knife edge. The length of path in the magnetic field was 
about 3 cms., and the field gradient about 120,000 gauss/cm. 
Plate VIII., Fig. 2, shows the result of an experiment with 
nickel : on the left we have mckel with a field gradient of 
200,000 gauss/cm. in the middle nickel without field, and 
on the right a control experiment with silver in the same 
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apparatus with the same field. It will be seen that with nickel 
there is an undeflected beam which is absent with silver. 

From the particulaily good records obtained with silver a 
value for the Bohr magneton may be calculated from equation 
(lo), since all the quantities are known except Four 
e^eriments with silver give for the value 5400-5700 
gauss cm./mol., the theoretical value being, as we have seen, 
5589 gauss cm./mol. The agreement is excellent, considering 
the very difiicult nature of the experiment. The Gerlach- 
Stem method may, then, be said to have given a direct proof 
that both the Bohr magneton and space quantisation have a 
real existence. 

As regards the magnetic moment of individual elements, the 
following results have' been obtained from the study of the 
atomic beam. Copper, silver and gold have in the normal 
state a magnetic moment of one Bohr magneton ; zinc, 
cadmium and mercury have no magnetic moment ; tin and 
lead have likewise no magnetic moment. Thallium has a 
small moment, not exactly detenmned, but round about 
one-third of a Bohr magneton. Nickel diows a very peculiar 
behaviour; as can be clearly seen from Plate VIII., Fig. 2, 
there are both deflected and undeflected atoms present, or, m 
other words, some atoms have no magnetic moment, while 
others have a moment. The moment corresponding to the 
deviated atom works out to be not one Bohr magneton but 
two. Iron has been investigated, but so far no magnetic 
effect has been established; the traces obtamed show the 
undeflected beam only, but the iron experiments are not 
regarded as final. 

These results are in excellent agreement with our general 
views on the structure of the atom. The diamagnetism of 
the inert gases indicates, as we have before had occasion to 
emphasise, that for these S3nnmetrical systems there is no 
resultant magnetic moment : we have discussed the bearmg 
of this on the model for neutral helium. We have further 
been led to assume that the electrons added to an inert gas 
system try to arrange themselves within the grouplets as 
far as possible so that there shall be no resultant moment of 
momentum or magnetic moment. For a neutral atom of an 



MAGNETIC PROPERTIES 625 

element of Column I, where there is only one “ outer ” electron, 
we should expect unit magnetic moment : this has been proved 
by the atomic beam experiments to be the case with all the 
elements so far tested, namely, copper, silver, an/j gold. 
Further, the experiments on the paramagnetism of solutions 
have shown that the Ti'*"'‘+ ion, which ^ould have the structure 
of potassium has unit moment. For elements of Column II 
there are two outermost electrons, which can clearly arrange 
themselves with opposite senses of rotation so that there is no 
resultant moment. To support the view that elements of this 
column have no magnetic moment, we have, besides the 
Grerlach-Stem experiments for zinc, cadmium and mercury, 
the fact that mercury vapour is diamagnetic. Spectral 
evidence shows that the basic term in the case of all these 
elements is a singlet term with^ =o. For elements of Column 
III the only element which has been investigated by Gerlach 
is thallium. Spectroscopic evidence shows that the basic term 
for thallium is a term (cf. Grotrian’s experiments on the 
absorption of thalhum vapour) for which m= ±^, g=| : this 
agrees with the value found by Gerlach as far as^the approxi- 
mate nature of the atomic beam measurement allows. For 
elements of Colunrn IV we have Gerlach’s measurements for 
tm and lead, giving zero moment. The basic term of the lead 
spectrum is a term, and Sponer has recently shown that 
the basic term of the tin spectrum likewise has j =o. The case 
of nickel is more troublesome, and too little has been done in 
the way of term analysis for the spectrum to be reconciled 
with the atomic beam results. On the whole we can clearly 
say that the determination of atomic moment made by Gerlach 
and Stern agrees excellently with the deductions made from 
both spectroscopic and chemical evidence as regards the 
moments of atoms in their normal states. 

There are, however, plenty of problems stiU awaiting solution 
in the realms of magnetism. The magnetic beam experi- 
ments show that the atoms must certainly take up the 
quantised positions within the first half centimetre of their 
path in the field, or else the separation of the beam mto two 
would not be as distinct as it is. This means that they must 
take up their quantised positions in less than io“® sec., and 

A.S.A. 2 K 
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Einstein and Ehrenfest have shovra that such a rapid settling 
down into position offers grave difficulties from the point of 
view of either quantum or classical mechanics. The point can 
merely be mentioned here : for details the reader is referred 
to the original paper.* There are further difficulties in inter- 
preting certain magneto-optical experiments, such as the 
quenching of the fluorescence of iodine vapour (molecular) by 
a magnetic Add, but we know so little about the bdiaviour of 
molecules that it is difficult to draw definite condusions from 
this observation. 

Whittaker’s Magnetic Atom Model. The following brief 
account of a modd devised by E. T. Whittaker on the basis 
of the classical theory is inserted here, since, although it is not 
especially adapted to give an account of magnetic properties, 
it assumes a magnetic dement in the atom. The modd is 
very artificial, even in comparison with other atom models, 
and so far has a very restricted scope, but it is of interest as 
diowing how the older theory may be made to 3deld a quantum 
result. 

We have emphadsed, in discussing the question of resonance 
and ionisation potential, that whereas an electron whose 
energy exceeds a certain number of volts can excite the 
emission of a spectral line by the atoms through which it 
passes, an dectron of lesser energy cannot do so, but is in 
this case, in contradistmction to the first, gas-kmetically 
reflected from the struck atom without loss of energy. 
Hie energy of motion required for the excitation of a given 
line of frequency Vj. is determined by the quantum equation 

kinetic energy=Av2,, (ii) 

and if the kinetic energy of the dectron is greater than this it 
sacrifices only the amount hvj,, and passes on with the balance. 

The relation (ii) is accepted by the disciples of the quantum 
theory as fu ndam ental, without any attempt being made to 
devise a mechanism to account for it. Whittaker, however, 
has indicated how classical dectrod 3 mamics can be made 
to supply a modd atom which has the property that an dectron 
approaching it is dther repelled without loss of kinetic energy, 

* E. Einstein and P. Ehrenfest, Zntschr. f. Phys. 11, 31, 1922. 
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or is allowed to pass on with the sacrifice of a finite amount of 
energy. It is supposed that the electron, as it approaches 
along a direction which, for definiteness, we take as the x axis, 
induces within the atom what may be called a “magnetic 
current,” by analogy with the dectric current which an 
approaching magnetic pole would induce. To explain this 
magnetic current there is postulated within the atom a 
magnetic pole P, of strength fi, and mass M, rigidly attadied 
in some unknown way to a centre 0, about which it can rotate 
in a circular orbit of radius a. Suppose that it is free to 
rotate in the yz plane, and that the angle which it makes at 
time t with the axis of y is Then the magnetic force which 
the dectron exerts at P is 

eait 


and hence 


A'tp- 


fi. 60 ^X 


( 12 ) 


where A=a^M. In order to produce a resultant force always 
directed along the axis several magnetic poles can be arranged 
symmetrically in the cirde : ju and M must then be the total 
pole strength and total mass respectively of all the poles. The 

fUlS) 

rotating poles set up an electric force * at x, along the 

axis of X, so that for the motion of the electron we have 


mx-\- 


fxeahp 


(13) 


If the dectron be projected from rest at - 00 with velocity «, 
and if the magnetic structure were initially at rest we get, 
by integrating (12), 


Axp- 


fxex 


fte; .. 


•• -(14) 


and from (12) and (13), Aip^+mxx=o. 




which expresses the conservation of energy. 


(15) 
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When the dectron approaches the “ magnetic wheel ” its 
vdodty diminidies, since its energy of motion is being trans- 
formed into rotational energy of the magnetic poles. If all its 
eaergy is so used up before it reaches the plane of the wheel, 
then, at its nearest distance d, x=o and and, 

from (14), we have for d, 

^ .—fi £ _ . « (16) 


After approaching within the distance d the dectron retraces 
its path, and the energy of rotation of the magnetic whed is 
re-transformed into kinetic energy of the dectron. In other 
words, the rotation of the magnetic wheel is accderated by the 
approach of the dectron, which ultimatdy comes to rest when 
it has given up all its kinetic energy : after this the magnetic 
whed, which continues to rotate on account of its postulated 
inertia, gives back its energy to the dectron, and ultimately 
comes to rest again. This is the case if « is less than 


VAw 


, as can be seen from (16). 


If, however, « is greater than dectron can pass 

through the plane of the whed, and the reversal point is on the 


2 

far side of the wheel. If « is greater than , it not only 

vAm 

passes through, but escapes from the influence of the wheel, 
and goes to +00 , In this case we see, from (14) and (15) 
respectivdy, that Att)=2e/i and where co 

is the final value of ip, v is the final velocity of the dectron 
at +00 . The electron has sacrificed a definite amount of 
energy which remains as energy of rotation in the magnetic 
whed. 

This is the essential feature of Whittaker’s device : if the 


initial energy of the dectron is less than a quantity U— 




it is sent back along its path without loss of energy — ^gas- 
Irinetically reflected ; if it is greater than U it gives up a definite 
quantum of energy U, and pass^ on with the balance. By 
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considering circuits of -wire of self-inductance L, within the 
atom, Whittaker is able to transfer his energy of rotation of 

the magnetic wh^ into radiant energy of frequency Vj,= — 7=, 

II h nVLA 

so that if U—hvj,. It has thus been shown 

possible, using only the ordinary laws of electrodynamics, to 
devise a machine giving the quantum rdation concerned in the 
ionisation potential, and consequent radiation. The supply of 
materials called for, however, exceeds considerably that usually 
allowed to the atom builder : rigid rods and coils of wire can 
scarcely be supposed to have any very dose counterparts in 
the actual atom. An isolated magnetic pole is itself a con- 
venient fiction rather than an experimentally established 
entity. The theory is important rather as showing that it is 
possible to account for a quantum mechanism on dassical 
lines, and so encouraging us to hope that we shall ultunatdy 
find some means of reconciling the quantum theory and the 
wave theory, than as offering anything which appeals to the 
physidst as an approach to reality, using that word in the sense 
in which it is understood by physicists. 
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CHAPTER XVII 

STATIC ATOM MODELS 

liliiodiiototy.. We have seen how the dymainic atom model 
has had a considerable measure of success in giving a quanti- 
tative account of many branches of spectroscopic observation. 
When, however, we turn to the question of chemical combina- 
tion, we find that no fully satisfactory model of even the 
simplest moUaule, that of hydrogen, has so far been constructed. 
Bohr originally suggested that the nuclei of the two hydrogen 
atoms lie on an axis round which the two electrons revolve in a 
circular orbit, the plane of which is normal to the axis, and 
midway betweaa the nuclei, the electrons always Isdng at 
opposite ends of a diameter. Prehminary investigation 
appeared to show that this arrangement was stable, but it 
has been shown that if both electrons be struck simul- 
taneously in the seime direction with forces lymg in the plane 
of the orbit and normal to the diameter joining the electrons, 
then they leave the orbit. For certain disturbances, then, the 
model is unstable. But even if this objection be passed over, 
in view of the fact that the model can be made to yield certam 
properties of molecular hydrogen, such as the variation of 
refractive index with wave-length (dispersion) and the magnetic 
rotation of the plane of polarisation, there are other serious 
criticisms to be considered. The work required to separate the 
molecule into its component atoms — ^the heat of dissociation — 
is calculated from the model to be 61,000 calories, while Lang- 
muir’s experimental value is 84,000 calories.* Agam, the 
magnetic propaities of such a molecule are not in accord with 
experimait, for whereas the model indicates paramagnetism, 

* other oliservations axe Isnardi, 95,000 calories ; Franck, Kiiippiiig and 
Kroger, 81,000^5700 calories. 
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molecular hydrogen is actually dia.Tna£mfttir . The dynamic 
models for nitrogen and oxygen molecules devised by Sommer- 
feld and by Pauer have likewise been unable to withstand the 
criticism directed against them. So far, then, the molecule, 
even of the simplest t3rpe, has not been adequatdy represented 
in terms of moving electrons, on the lines of Bohr’s atom 
model. It may be noted, however, that recent theoretical 
work on the analysis of molecular (band) spectra is yielding 
information on the moments of inertia and the intemudear 
distances of many diatomic molecules, as well as the values of 
electromc energy levels, and it seems likely that in the near 
future ''d3mamic modds may be constructed on the basis of 
this work 

Being, then, at the present moment, unable to construct a 
modd of the molecule which shall give satisfactory quantitative 
results, we may set oursdves the simpler task of describing in 
general terms the formation of the molecule, making some kmd 
of provisional picture which shall serve to represent chemical 
combinations until some more satisfactory and generally valid 
modd shall be devised. The dynamic atom is not, at present, 
very well adapted for general descnptive purposes, for, in spite 
of Bohr’s recent work, it is not easy to form a predse mental 
picture of two atoms, each of whidi is surrounded by a com- 
plicated system of electronic orbits, combining to form a 
molecule. We can, of course, devise representations of mole- 
cules consisting of atoms with dectronic orbits encirding two 
or more nuclei, and may well beheve that some such mediamsm 
actually exists, but so far no empirical control for h 37 potheses 
as to intramolecular electromc motion has been found As 
long as this is so, as long as we are not m a position to consider 
in detail the d3mamical consequences, the modifications of 
orbital motion, which attend chemical combination, then it is 
simpler to consider merdy fixed electrons, which may be done 
without loss of generality To offer an analogy from another 
branch of physics, so long as we are not able to discuss in detail 
the forces between two approaching molecules, we may, in the 
kinetic theory of gases, treat them as elastic impenetrable 
spheres, or, more gmerally, elhpsoids, while re a l isin g that this 
IS in contradiction to our modem knowledge. So long as we 
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cannot calculate the effect of the details of structure of the 
molecule, but can only take into account those properties 
which make it equivalent to a hard elastic solid, there is no 
point in using what we know to be the more correct, and more 
complicated, model. 

Considerations of chemical combinations have been based 
mainly on atomic models in which the electrons are at rest. 
Without discussing further, for the moment, the relation 
which the d3mamical and statical models bear to one another, 
let us consider how far the nucleus atom modd with fixed 
dedxons can be advantageously used to represent chemical 
pr^erties. 

The Qenetal Valency Problem. At the root of all problems of 
chemical combination is the conception of valency, or perhaps 
rather the word valency.* In the older school of chemical 
thought there was attributed to each dement a certain power 
of combining with hydrogen, or, in other words, the power to 
bind to itsdf a definite number of hydrogen atonos, or 
chemically equivalent atoms. This nmnber was spoken of 
as the negative valency of the atom in question: atoms 
which combmed with those of negative valency were said to 
have positive valency. The power of combining with one 
hydrogen was represented by a single valency bond, to which, 
in stereochemistry, a definite direction was attributed. The 
bond was little more than a hook on which to hang a hydrogen 
atom, yet there gradually arose around the valency bonds a 
semi-mystical philosophy,! which, as it grew less and less able 
to respond to the questions put to it for solution, became the 
more diffuse and dogmatic. The one atom with which the 
older theory of valency worked moderatdy satisfactorily was 
the carbon atom, and for the sake of this one atom the theory 
was imposed on all inorganic compounds. But the carbon 
atom IS anything but a typical atom, a fact whidi is well 
^pressed in the form of periodic table given on p. 473. It 
occupies a central position among the seven elements between 

• " Denn eben wo Begnffe fdilen 

Da stellt ein Wort zur rechten Zeit sich. ein.** — Goethe's Faust 

t Our knowledge of valency cannot be expressed in a few symbols or in 
a few formal statements.” — E. Armstrong. 
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the inert gases helium and neon, and, judging from the three 
elements which precede it, we should expect it to be posi- 
tively quadrivalent, but approaching it from the end of the 
period we should anticipate negative quadrivalence. It com- 
bines equally freely with oxygen and with hydrogen, in a 
way that leads to series of compounds of a kind peculiar to 
the chemistry of carbon. The only other atom which 
occupies the middle position in a short period is silicon, which, 
as is well known, has some of the characteristic properties 
of carbon. Carbon is, then, an extremely unsmtable element 
on which to base general theories of valency . by stressing 
its properties we are starting on the problem from a very 
difficult point of approach. One has only to try to 
follow the discussions of the organic chemists — ^for example, 
the discussion at the Bntish Association in 1925 in which 
Flurscheim, Lapworth, Robinson, Lowry and Ingold took part 
— ^to realise that there is httle common ground among the 
recognised authorities, and it may, perhaps, be said that the 
time is not yet ripe for profitable application of general elec- 
tronic theories to orgamc chemistry. So far, in fact, this 
application has been more apparent than real, in that there has 
rather been a translation of known results into a different 
language than the introduction of a new and fertile point of 
view. There has been a remarkable lack of predictions capable 
of experimental verification or contradiction. 

One of the standard dif&culties for theories of chemical com- 
bination is, as pointed out m Chap XIV., to explam the so- 
called molecular compounds of which the ammonium salts give 
a simple type. Nitrogen is tervalent to hydrogen, when 
hydrogen alone is present, forming NHg, yet in the pres^ce of 
chlorme it takes up another hydrogen, and forms NH4CI, with 
a complex radicle NH4. As regards this problem, we may 
quote the words of an eminent chemist, H. E. Armstrong, 
» Kekuld took the further important step of dividing com- 
pounds into two classes — that of atomic compounds, such as 
gnriTwnnTa and hydrogen chloride, in which the components axe 
together by atomic affinities : and that of molecular 
compounds, such as ammonium chloride, cont aining atomic 
compounds hdd together by molecular afBnities : but Kdcul^ 
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neva: gave any very dear explanation of the difierence. Not- 
withstanding Brereton Baker’s observations, the question 
remains with us to-day (1911), the only difference being that 
we have substituted the more precise term ‘ residual affinity ’ 
for Kekul^’s term ' molecular affinity.’ ” Other difficulties 
will be described as the newer theories are developed. 

The general atom can take part in a variety of compounds 
in which it exhibits a range of valendes. Thus chlorine, which 
ban a negative valency of i in HCl, has a positive valency 
of 5 in CliOj, and 7 in QjO? ; phosphorus has a negative valency 
of 3 in PHj and a positive valency of 3 m PCla, 4 in PaO, and 
5 in PaOj. To every atom can be allotted a greatest positive 
and a greatest negative valency, and one of the most important 
generalisations for guiding chemical speculation as to atomic 
structure was made by Abegg when he enunciated the rule 
that the sum of the greatest positive and greatest negative 
valency which an atom can exhibit is, in general, 8. 

We shall also make use of Abegg's terminology of homoeo- 
polar and heteropolar compounds. Atoms which possess 
definitdy different dectrochemical character may be said to 
form molecules of definite polanty, one part of the molecule 
tending naturally to have a positive charge, and the other part 
a negative charge — ^these are the heteropolar compounds, 
exemplified in all salts, such as NaCl, K2SO4, and so on. On 
the other hand, there are many molecules in which the com- 
ponent atoms have exactly the same dectrochemical character, 
being, in fact, all of the same kind. Examples of such homoeo- 
polar molecules which readily occur are the diatomic gases, 
such as Nj, O2, Hj : another example is IBr : the numerous 
organic compounds in which there are chains of carbon atoms 
directly coimected together offer further instances While 
heteropolar compounds yidd ions on solution, homoeopolar 
compounds do not. To explain the formation of homceopolar 
compounds is one of the chief tasks of any valency theory. 

Eossd’s Thsoty. Fundamental for all recent attempts at 
devising a modd to represent chemical combination is the 
separation of extra-nudear dectrons into two classes. There 
are certain dectrons which have a privileged exterior position, 
forming what is variously called an external diell, layer, ring or 
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group : these, which are often called Ihe valaicy electrons, are 
more immediately concerned in the re-groupings and sharings 
of electrons which accompany chemical action. The remaining 
electrons, together with the nucleus, tend to act more or less as a 
positively dbarged whole, the positive charge, of course, being 
equal to the number of external electrons in tihe neutral atom : 
they form a group which is often called the kernel of the atom. 
On Kossel’s theory the electrical attraction of this kernel holds 
the valency electrons in place, and may be taken as acting in 
all directions, just as does the attractive force of a positively 
charged sphere ; the external electrons are considered to be in 
equihbrium under this central force, their mutual repulsion, 
and, if they are rotating, the forces consequent on their accelera- 
tions If they are not rotating, special forces must be assumed, 
since equilibrium of stationary electrons is impossible round a 
centre of Coulombian force. For our present general purposes 
we need not consider in detail the nature of the forces which 
maintain the equilibrium, nor even whether the electrons are 
in motion or not. On the Lewis-Langmuir theory, the positions 
of the electrons (which are stationary) in the outside layer of 
the kernel affect the positions of the external electrons, as we 
sh all see, but the central attraction still exercises a prevailing 
mfluence. 

A cardmal feature of all accepted theories is the tendency for 
the atom to gain or lose electrons until the external group has a 
certam number of electrons, the same for several near elements, 
which represents a very stable state. This stable form is the 
inert gas form, as discussed in Chapter XIV., and illustrated by 
means of Kossel’s diagram. Fig 77. The formation of hetero- 
polar compounds between atoms which tend to gam and atoms 
which tend to lose electrons can then be considered in two 
steps . firstly, the mterchange of electrons between the com- 
binmg atoms, which gives them opposite charges, and 
secondly, the juxtaposition of the ions so formed. It is 
important to note that we have, m the case of certam simple 
molecules, direct experimental evidence provided by modem 
methods of investigating crystal structure that the combined 
atoms are not in their normal neutral, but in an ionised state. 
Workmg in this field Debye and Scherrer exammed the intensity 
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of reflexion of homogeneous X-rays from halogen salts of the 
allrali metals, which grystallise in simple cubical form. In 
Chapter VI it has been pointed out, in coimection with the 
experiments of W. L. Bragg, that the scattering of X-rays is 
produced by the electrons in the atoms, and that the intensities 
of the homogeneous beams reflected from various crystal planes 
are governed by interference of the waves scattered from the 
s^axate electrons, and so give evidence as to the number and 
position of the electrons For reflexion from certain crystal 
planes the waves reflected from the metal atoms will be in 
opposite phases to those from the halogen atoms. If the metal 
and the halogen atoms contain the same number of electrons 
there should be complete cancellation, and no reflexion from 
these planes should be detected. If, on the other hand, the 
atoms contain different numbers of electrons, the reflected beam 
will have a measurable intensity. Debye and Scherrer chose 
sodium fluoride for their experiments : the neutral sodium 
atom contains ii dectrons, the neutral fluorine 9. The experi- 
mental results prove that in the crystal the number of electrons 
associated with fluorine planes is the same as that associated 
with sodium planes: both fluorine and sodium ions must 
hold 10 electrons each. In the crystal of sodium fluoride, then, 
every sodium atom has given up one electron, which has become 
attadied to a fluorine atom. A similar deduction can be made 
from W. H. Bragg’s earlier experiments on sylvine, which 
indicate that both potassium and chlorine ions hold 18 
electrons.* Reference has already been made in Chapter XIV. 
to the evidence which residual rays offer to the same effect. 

In order to combine, then, atoms of marked electropositive 
or electronegative character ionise themselves by mterchange 
of an dectron or electrons, and take on the external form of 
the inert gases : the atoms are then hdd together by dectric 
forces. In this way the simple heteropolar compounds are 
formed. For many of them the old theory of valency was 
moderatdy satisfactory. Kossd, however, has made a great 
step forward by indicating how the formation of complex 

• Debye and ScJierrer consider that in W H. Bragg's expenments the 
sensitivexiess was not gieat enough to render the conclusion inevitable, and 
earned out their expenments to estabhsh it with greater certainty. 
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compounds (such as, to take the simplest case, NH4CI) can be 
ejqplained. For such compounds the conception of valency 
bonds, single directed forces whidbi can each hold one hydrogen, 
fails completely, if nitrogen has a negative valency of three. 
Werner, who has done so mudi work on complex salts, has 
emphasised that their behaviour indicates rather that the 
atom is surrounded by a continuous field of force, and Kossel 
has given a certain precision to this suggestion. 

An atom can only take away, or give up, a definite maximum 
number of dectrons, determined by the incompleteness of its 
outside layer as compared with that of the nearest inert gas. 
This does not mean that the whole fidd of force of the positivdy 
charged kemd has then been annulled. The force of attraction 
for negative charges extends all round the kemd, and it can 
stUl attract charged atoms, if they are presented to it ready 
charged, with a force which is proportional to the charge on 
the kemd, and greater for small atoms than for large ones, 
since we assume the kernel to behave hke a charged sphere. 
The numerical condition is that, as a whole, the molecule 
formed must be uncharged. Consider, for example, the case of 
the ammonium compounds, for definiteness ammomum chloride. 
Nitrogen can take up only three dectrons, assuming the stable 
form of neon : these electrons are taken from hydrogen atoms, 
the nudei of which become thus attached to the mtrogen. 
Hydrogen combines ivith chlonne, the chlonne takmg up a 
single electron to complete its stable, argon-like form In the 
HCl the hydrogen is now ready charged with a single positive 
charge, and can be firmly bound by the strongly charged 
mtrogen. We have the compound NH4CI, in which, on account 
of the greater charge on the nitrogen kernel, the hydrogen 
last added is more strongly held to the nitrogen than to the 
chlorine. NH4CI therefore dissociates mto (NH4)+ and Cl~ 
ions m solution Similar considerations apply to such com- 
pounds as AUCI4H, 

Kossd has discussed in some detail, on this theory, a great 
number of the heteropolar compoimds of inorganic chemistry. 
We will give only one example of the roughly quantitative 
results which can be obtained. It has been pomted out that 
the force of binding must mcrease with the charge on the 



Weak hold. 


Strong hold. 

Taking the horizontal rows, the bodies on the right, with a 
weak hold for hydrogen, are strong acids in the presence of 
water : those on the left, with a strong hold for hydrogen, are 
basic in the presence of water. Taking the vertical columns, 
the bodies above, whose main atom is small, are weaker acids 
than those below, whose main atom is large. Thus, the O ion 
in the OHsj, occupying the position at the top of the middle 
column, has a stronger hold for an H'*' ion than any of the 
dements combined with H in the right-hand column, or in 
the remainder of the middle column. Hence on solution in 
water all Ihe compounds in these parts of the table give up an 
H+ ion, which forms complexes with water groups, while the 
negative ion remaining will form salts with metallic ions, if 
any such be presmt. The NHg can, however, take an H'*' ion 
from water, forming (NH*)"'" on solution, just as it can from 
HCl in the example quoted above. 

For heteropolar compounds and complex compounds Kossel’s 
theory has had considerable success in indicating a way out of 
the main difficulties of the theory of valency bonds. It is 
very general : it makes no essential assumption as to the state 
of motion or arrangement of the external electrons. It does 
not deal, as do the considerations sketched in Chapter XIV., 
with the function of the different groups of dectrons, nor give 
any precise explanation of the co-ordination number of the 
different atoms. For the carbon atom it contents itself with 
pointing out that four spheres drawn in by a strong central 
force will have a tetrahedral arrangement. There is nothing to 
indicate why the two diort penods are succeeded by long 
periods, although the corresponding valency properties of the 
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dements at the beginning and the end of every period are well 
represented. 

The formation of homoeopolar molecules requires a knowledge 
of the structure of the fidd, since they can only be supposed 
to be formed by local excesses of positive and negative 
dectiidty on two exactly similar atoms attracting each other, 
head to tail. A definite scheme of structural arrangement of 
the external dectrons, which is very useful in H paling with 
these problems, was proposed by G. N. Lewis ; in his modd 
the dectrons are explicitly assumed to be at rest. An accoimt 
of the devdopment of this theory will be found m Lewis’s book, 
quoted in the references at the end of the chapter. Langmuir, 
making use of Lewis’s work, has very much daborated the 
fundamental conceptions of the statical atom, with a success 
which is variously estimated by various men. It is true that 
if the deven postulates, on which Langmuir’s theory is founded, 
are granted, and a certain freedom of mterpretation allowed, 
a great body of chemical observation is covered by this theory, 
but it must be observed that the postulates have very much 
an ad hoc character, often pa3dng httle attention to any pre- 
viously established laws of dectromagnetism. The theory will 
now be discussed. 

Lewis-Langmuic Atom Model. This modd was devised to 
account for chemical properties, a fact which must be borne m 
mind when considering it, The electrons are sissumed to be 
stationary,* but no serious attempt is made to explain how 
the stability is attained. It is, of course, dear that the 
inverse square law must be abandoned to reach this end. The 
deven postulates of Langmuir need not be given at length : 
we shall restrict oursdves here to certain main features of 
the modd. 

Not only are the dectrons stationary, but certain cells are 
postulated m which they must be located. In planning this 
housing scheme account is taken of the fact that the 
number of dements in the successive penods of the periodic 
table is 2, 8, 8, 18, 18 and 32, which can be expressed by what 

* Langmmr allows that they may circulate around fixed positions m com- 
paratively limited orbits, not enclosing the nucleus ; but this does not help 
the model appreciably, except, perhaps, that it makes the magnetic properties 
a little more comprehensible. 

A.S.A. 


2S 
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Sommerfeld the "somewhat cabalistic formula” 2xm*, 
where w is a whole number ; thus 

2=2X1*; 8=2X2*; 18=2x3*; 32=2x4*. 

To correq)on<i to this it is assumed that the electrons in the 
atoms of the inert gases, which represent the completion of 
their respective periods, are arranged in concentric spherical 
shdls of equal thickness, the mean radh of the successive 
gtirfk being as i : 2 : 3 . 4. The surfaces of spheres of these 
radii are as i : 2* : 3® : 4*, or are as the numbers of dectrons in 
(i) the first group (hydrogen and helium), (ii) the diort groups 
of 8, (lii) the long groups of 18, and (iv) the final group of 32. 
If each shell be divided into cells of equal floor space, and each 
cdl, except the two of the first period, be divided into two 
Storys, so that the shells consist of two layers each, we have, 
as each layer is completed by putting an dectron in every cell, 
the atoms of the inert gases. The layers may be indicated by 
the numbers I ; Ha, lib ; Ilia, Illb ; and IVa. This gives 
our cabalistic formula a geometrical expression, but does little 
more. 

Now, to accoimt for the properties of the dements of the 
long groups further assumptions are made sis to the action of 
dectrons on one another. These interactions vary essentially 
according to the positions of the dectrons. It is assumed, for 
instance, that, while dectrons in the same cell (one in each 
story) are almost without effect on one another, the dectrons 
in the outside layer tend to repd one another (which is, excep- 
tionally enough, in accord with ordinary theory), but at the 
same time tend to line up radially with those in the underlying 
cells. Langmuir makes great use of these assumptions in 
discussing the chemical properties of dements such as iron, 
cobalt and nickd, which occur in the middle of long groups. 
It is scarcdy necessary to insist on the artifidality of this 
picture, and we dial! not here lay very much stress on it. The 
dectrons in the Langmuir atom have, in fact, so few of the 
known properties of dectrons that it is not immediatdy dear 
why they are called dectrons at all. 

To take first of all the structure of the atoms of the rare 
gases in a little more detail, in helium the two dectrons are 
assumed to be arranged symmetrically on dther side of the 
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nucleus. This pair is present in all heavier atoms, and deter- 
mines an axis which may be called the polar axis. In neon 
the 8 additional electrons, which form a very stable system, 
are arranged at the comers of a cube, two parallel faces of 
which aip normal to the polar axis ; the arrangement is 
S3nnmetrical about this axis, and about the meridian plane. 
The electrons occupy the 8 cells of layer Ila. In argon this 
system persists, but 8 additional electrons are arranged at 
comers of a second cube, situated similarly to the first cube : 
they occupy the cells of layer lib. These octets are a very 
essential feature of the Lewis-Langmuir atom, and their impor- 
tance will be considered later. Of the additional i8 electrons 
of lo^pton, two are situated on the polar axis, while the other 
sixteen are distributed symmetrically in layer Ilia. The i8 
further electrons of xenon are arranged in a like manner in 
layer lllb. The stmcture postulated for radon need not be 
considered here. 

It is to be noted that a feature of Langmuir’s theory is that 
no layer can contain an electron or electrons before the layer 
underneath it is completed ; or, m other words, once a layer 
contams sufficient electrons for an external layer to be begun, 
the layer first named persists in the same form as a feature of 
the stmcture of all subsequent atoms. This is in direct contra- 
diction of Bohr’s and Bury’s views, and is almost certainly 
wrong. 

Langmuir attributes the anomalous bdiaviour of the elements 
in the middle of the long periods to the conflict between (i) the 
postulated tendency of the electrons to place themselves over 
those m the under shell, and (ii) the tendency of the electro- 
static repulsion between the electrons in the outer shell to 
force them from this position, a tendency which is pronounced 
when the number of electrons in the shell becomes large. The 
reasoning is of a very general nature, and it is not proposed to 
attempt to expound it here, especially as Bury has offered 
what seems to be a better solution of the problem. 

Bury supposes that the electrons are arranged m spherical 
shells of radii i, 2, 3, 4, ... but drops the invention of cells, 
with its accompanying hypothesis of two electrons m one 
ceE for all outer shells. Instead he assumes that the 
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TwavimiiTw number of electrons which can occur in each 
shell is proportional to the area, i.e. the successive shells can 
rnntaiTi as a maximum number 2, 8, 18, 32, and (if there 
were enough elements) 50 electrons. Groups of 8 or 18 
dectrons in a shell are assumed to be of particular, stability, 
even when the diell can contain more dectrons. There 
is an additional h37pothesis, which is the essaice of Bury’s 
scheme, and forms a link between his ideas and those 
of Bohr. It is postulated that the maximum number of 
dectrons in the outermost diell is always 8 ; more than 8 
dectrons can coexist in a shell only if the diell extenor to it 
already contains dectrons. Thus, considering the successive 
building up of atoms of increasing atomic number, when sufifi- 
deit dectrons have been added to complete an outer shell 
(which we will call shell R*) of 8, the dectrons next added go to 
form a didl S exterior to didl R, but, after a certain number 
have been put in S, further dectrons can be placed in R. 
Conesponding to the change in dieU R from a stable group of 8 
to the other stable group of 18, we have formed transition 
dements, which can have more than one structure. On 
this theory the groupings for the inert gases are as follows 
He 2 ; Ne 2, 8 ; A 2, 8, 8 ; Kr 2, 8, 18, 8 ; Xe 2, 8, 18, 18, 8 ; 
Rn 2, 8, 18, 32, 18, 8, which is the same as that adopted by 
Bohr, if we substitute for the number of dectrons in a shell, 
in Bury’s termmology, the number having a given prmcipal 
quantum number in Bohr’s theory. The chemical properties 
of the dements m the long periods find a more direct ex- 
planation on this comparativdy simple scheme than on the 
Langmuir postulates. 

The exact point at which the transition in the long periods 
takes place must be determmed by consideration of the chemical 
properties. It appears that after 4 dectrons have accumulated 
in the outermost shell, the next dectron added goes to the shell 
immediatdy interior : with 3 dectrons already m the outermost 
shdl the tendency of the next dectron added to go to this intenor 
shdl is less, but it can do so altemativdy to addmg itself to the 
other 3 in the outermost shell ; while when there are only 2 m the 

* This naming of shells as JR and S shells is merely for convemence of dis- 
cussion* It has no connection the notation of X-ray spectra. 
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oTitennost shell the next dectron added nearly always adds 
itself to the 2, having only a very small tendency to go to the 
inner shdl. Consider, for example, the first long period (potas- 
sium to loypton). In accordance with what has been said, 
arrangements of electrons in successive ^dls of 2, 8, 10, 2 ; 
2, 8 , II, 2 ; and 2, 8 , 12, 2 will be very imstable. These numbers 
of electrons correspond to neutral titanium, vanadium and 
chromium, with 2 electrons in the outOTnost shell, and the 
inner group of 8 on its way to the stable 18. The divalent 
salts of these metals are very unstable, while salts in which 
higher valencies are exhibited are more stable. Other possible 
arrangements for titanium are 2, 8, 9, 3, and 2, 8, 8, 4, giving 
tn- and quadrivalent salts respectivdy. 

When the group of 8 has been once destroyed by addition of 
an electron the resistance to further additions m the R diell is 
diminished, and electrons pass into it comparatively easily 
until the group of 18 is formed. The arrangement 2, 8, 18, i 
represents copper, which forms monovalent salts. For cobalt 
(Z=27), nickel (Z=28) and copper (Z=29) the stable group of 8 
in the R layer is deWtely impossible, for it would involve a 
group of more than 8 in the outermost layer — ^for example, an 
arrangement, for cobalt, of 2, 8, 8, 9 For aU the elements 
between titanium and copper it is supposed that, for the same 
element, different distributions m the R and S layers, of dif- 
ferent degrees of stability, are possible. Thus, in the case of 
manganese, the arrangements 2, 8, 8, 7 ; 2, 8, 9, 6 ; and 2, 8, 
II, 4 are all supposed to exist, the outer shell of 7 occumng 
when the metal is combined to form permanganates, the outer 
shell of 6 for manganates, and the outer shell of 4 for the dioxide. 
In short, chemical properties would appear to call for more 
than one possible structure of this element, and its neighbours, 
and this diversity of structure is provided by the theory. 

Tliere is not space here to discuss the chemical properties of 
the elements in the other long groups. Suffice it to say that 
Bury’s scheme seems to represent chemical fact very well 
without imposing too many arbitrary conditions, although, of 
course, arbitrary conditions are there, and are bound to be 
present in any scheme until our knowledge has advanced much 
beyond its present state. The theory, in its most general 
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aq)ect — as fax, that is, as it calls for the completion of inner 
groups after outer groups have been started — ^falls into line 
with Bohr’s scheme, described in Chapter XIV., wludi was 
largely based on the consideration of optical and X-ray spectra. 
The modifications introduced by Stoner and Main Smith 
naturally apply with the same force to Bury’s scheme as they 
do to Bohr’s scheme. 

The Octet Theory of Valency. The great service of the Lewis 
theory, which essentially founded the static atom, and the 
extensions made by Langmuir, is the elaboration of the 
octet theory of valency, with its new conception of the sharing 
of electrons between atoms in combination. The octet theory 
was applied by Langmuir to the two short periods, for 
both of which the number of electrons in the outermost 
diell is 8. If more than 8 electrons be allowed in the outer- 
most shell, as assumed by Langmuir himself for the long 
periods, then the theory can only be apphed with considerable 
additional comphcation. If, on the other hand, Bury’s assump- 
tion of a maximum number of 8 for the outermost shell of all 
elements be accepted, then the octet theory can be applied to 
all atoms, once the division of electrons between what we have 
called the R and S shells has been fixed. 

We consider, then, the elements of the two short periods. 
The greatest number of electrons which any element can have 
in the outermost shdl is 8 ; elements which have less than 8 
tend to give up, or to take up, dectrons until the dieU of 8 is 
completed. This is merdy a re-expression of Kossd’s inter- 
pretation of Abegg’s rule. The essential novelty of Lewis’s 
presmitation is that he assumes that it is possible for atoms to 
hold pairs of dectrons — ^but not smgle dectrons — ^m, common, 
which pairs are generally called duplets * These pairs of 
dectrons form part of the outer octets of both the atoms con- 
sidered to hold them. A single octet may share one or may 
share two duplets with another smgle octet, or it may diare 

* The credit for the conception of electron-shaxing between cubic atomic 
structure, which seems to constitute one of the biggest advances yet made m 
the study of valency, is due exclusively to G. N. Lewis, as far as I can ascertam 
from a necessarily humed study of the hterature. Single shared electrons 
play a large part in the earher, and very interesting, molecular models of 
Stark. (Prinzipien der Atomdynaimk* 1910. Hir2el.) 
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each of its duplets with a differoit octet, for instance, hut it 
cannot diare a duplet with more than one other atom. 

The simplest representation of this is given by supposing 
that the electrons of the outer ^dl are arranged at the comers 
of a cube. Electron-sharing can then take place between two 
cubes which have either {a) an edge in common, or (b) one 
complete side in common. The two types of sbaring axe 
diown in Fig. 103. This sharing of dectrons enables atoms, 
which have between them in their outermost shells insufficient 
dectrons to make a whole number of separate octets, to 
complete their shells on combination. 

Langmuir distinguishes, then, three t3Tpes of valency : 

(1) positive valency, which is determined by the number 

of dectrons which an atom gives up ; 

(2) negative valency, which is determined by the number 

of dectrons which an atom takes up ; 

(3) covalency, which is determined by the number of 

duplets which an atom shares with its neighbours 
(i) and (2) together are spoken of as electro-valency. 
The type (3) is often spoken of as a two-electron bond. 

The number of covalencies is given by the simple expression 

2e=2s- 2B, 

where e is the number of electrons in the outer shell of a neutral 
atom, s is the number of dectrons m the outer shdl of the atom 
after combination has taken place, and F is the number of 
duplets shared, the summation bemg taken over all the atoms 
combmed. 

We have now, if the assumptions of the octet theory be 
accepted, the further information as to the distnbution of 
dectricity which is required to account for the formation 
of homoeopolar compounds Thus the oxygen atom has 6 
dectrons m its outer shdl, and two oxygen atoms, by sharing 
two duplets, can complete thdr outer shells, as indicated in 
Fig. 103 (6) The fluorine atom has 7 dectrons in its outer shell, 
and two fluorine atoms can complete their octets by sharing 
one duplet, as mdicated in Fig. 103 {a), which also represents 
the combination of two chlorine atoms. The mtrogen molecule 
offers greater difficulties, the atom having 5 dectrons in the 
outer shdl, so that two atoms have between them 10 outer 
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electrons, whicli is 2 too many, Langmuir considOTS tliat 8 go 
to form a single cube, within which lie both nuclei, each with 
its closely bound iimer pair of electrons, as in helium. The 
remaining 2 of the outer electrons are also considered to have 
passed within the cube: the arrangement is indicated in 




(b) (d) 


Fig. 103. 

Uodds of molecules on the cube theory. 

(a) Fluorine molecule. (c) Sulphur molecule. 

(b) Oxygen molecule (d) Caxbon dioxide molecule 

Fig. 104. This structure is said to accoimt for the stability 
of the nitrogen molecule, which does not dissociate into its 
atoms, even at a temperature of 3300° C , and also for the low 
boiling point of the liquid form and the chemical inertness oi 
the gas. The sulphur molecule, Sg, is represented in Fig. 103 (c) 
as an example of molecule building on the octet theory. 

For carbon compounds the results of this theory are much 
the same as those of the older valency theory of organic 
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chemistry, for each pair of electrons held in common corre- 
sponds to a bond. The peculiar case of carbon monoxide, 
however, receives special interpretation on the octet theory. 
A carbon and an oxygen atom have between then the same 
number of external electrons as two nitrogen atoms, namdy, lo, 
and the physical properties of CO and Na are very similar. 
The chemical inertness claimed for CO, which on the older theory 
is hard to explain, since the carbon diould be unsaturated, is 
accounted for by giving to the CO 
molecule a structure similar to that of 
the Nj molecule, taking both nuclei, 
and 2 electrons from the external lo, 
inside the octet. The oxides of ni- 
trogen are weU described in the octet 
theory. Thus the molecule of NaO is 
similar in structure to COg, the total 
number of external electrons being i6 
in each case, which can be made to 
give 3 complete octets if the three 
cubes are placed in a line, face to face, 
as shown in Fig. 103 {d). These two 
compounds are very similar m physical properties: their 
critical constants differ but little, and the viscosities and 
magnetic susceptibihties of the gaseous form, the refractive 
indices and dielectric constants of the liquid form, and certain 
other constants, are very nearly the same for N2O and COj. 

The other oxides of nitrogen can be built up out of cubes, 
some sharmg two duplets, and others one, with adjommg cubes. 
In general, the conception of the sharmg of pairs of electrons 
has simphfied certain chemical problems. 

The cubical atom model is by no means of universal applica- 
tion. It does not allow two atoms to share more than two 
duplets, while the chemical facts which, to use the language of 
everyday chemistry, call for a “ triple bond ” would seem to 
call for the sharing of three duplets between two atoms. This 
is allowed by G. N Lewis, who is prepared in certain circum- 
stances to allow the two electrons of a duplet to be drawn close 
together by certain unspecified forces— of the type so freely 
invoked in this branch of the subject — so as to deform the cube 
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into a structure of general tetragonal form. This permits the 
sharing of three duplets, since we then have triangular faces 
with a duplet at each comer. But further difficulties, to 
which T. M. Lowry has drawn attention, are offered by the 
fact that in the hydrides of boron four duplets must be 
shared, while further, in Mo(CO)e and KsCoCgNe six duplets 
are ^ared by the metal and the attached radicals. To meet 
such points modifications of the cubical atom will have to be 
made, but the nature of these modifications is a matter of 
dispute. It may be added that the postulate of covalency 
has been freely and frequently ariticised by Main Smith. 

An interestii^ case is presented by the hydrogen atom in 
combination with other atoms. Whereas in the general case 
there is a dear distinction between electrovalence and covalence 
— exemplified, in the case of chlorine, for instance, by NaCl 
and ClCl respectively — in the case of hydrogen compounds, 
such as HCl, say, it is not easy to dedde if the hydrogen has 
given up its dectron to complete the chlonne octet, the rest of 
the hydrogen atom, the proton, remaining definitely separated 
from the dhlorine, but bound by the electric force between the 
negativdy charged chlorine and the positivdy charged proton ; 
or whether the dectron is shared between chlonne and hydrogen 
atom, an arrangement which would presumably involve a doser 
combination of the hydrogen with the chlorine than the ionic 
mechanism. Lowry has published some important specula- 
tions on this pomt, in which, making use of a suggestion of 
W. H. Bragg’s, he supposes that in the case of ionisation the 
proton, or hydrogen ion, can attach itself to any one of the 
twdve edges of the cube, whereas in the case of the hydrogen 
radical — the covalence case — ^the proton is specifically attached 
to one duplet of the octet. The hydrogen ion has, therefore, 
a certain mobihty, as it is equally at home in any one of a large 
number of positions, whereas the radical is definitely bound to 
a particular part of the atom. This point of view has interest- 
ing applications both to aystal structure and to the problems 
of organic chemistry. 

Physical AjiplicafioDS d ihe Static Atom. Langmuir has 
endeavoured to diow that many of the physico-chemical 
properties of compounds can be eiqplained in terms of his 
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atom, and in the case of boiling points, critical constants and 
solubilities of certain groups of gases has indicated that similar 
values of the constants are associated with what on his theory 
is similar structure. He has satisfied himself that the magnetic 
properties of the elements are also explained on his theory, but 
the handling of this question, and that of the formation of 
coloured salts, is not sufficiently precise to carry conviction. 
Most unconvincing of all is Langmuir’s attempt to show that 
his atom will give all the spectral results of the Bohr atom. 
He assumes that the expression derived for the kinetic energy 
of the electron in Bohr’s theory really represents a form of 
potential energy “ dependent upon certain quantum changes 
in the electron ” Naturally, if it be assumed that the electron 

Ze^ 

IS subject to a Coulombian force F^=~, and in addition to a 
hypermysterious " repulsive quantum force,” 

* mr^ ' 231 '' 

(which is, be it noted, mdependent of the charge on the nucleus), 
then Bohr’s simplest results follow from the equihbrium 
condition, if the equation hv^E^- be assumed But this is 

I ^ I 

not all. If F. is assumed to be =f— ) ^ then the effect 

of the mass of the nucleus can also be calculated. And, 
further, if we wnte down the formula deduced for the 
relativity correction, but say that they are due to unknown 
static forces, mirahtle dictu all the results of Sommerfeld and 
his school follow for a static atom. This outline of Langmuir’s 
explanation is given because there is an impression m some 
quarters that the Langmuir atom can do as much to explain 
spectral observation as the Bohr atom 
More senous apphcation of the static atom to physical 
problems has, however, been made. Bom, alone and in con- 
junction with Landd, has earned out a senes of important 
investigations on the physical and physico-chemical properties 
of crystals, in the course of which he invokes the conception 

* Or rather was, when the first edition of this hook appeared. 
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of the cubic atom. A static atom has to be used, to render the 
calculations possible. Since the forces considered are those 
outside, although not very far outside, the atom, i.e. are of the 
nature of the forces evident in chemical combination, it is 
understandable that this yields valid results. The method 
adopted is essentially unable to 5deld any information as to 
details of atomic structure, which are the main object of study 
in this book, and therefore only a thin outline of the work will 
be given, in spite of its inherent interest. 

Crystals axe particularly suitable for the study of the forces 
between atoms, since in them the conditions are perfectly 
definite, as opposed to the conditions in solutions, where the 
ions may interact with the water molecules in a complicated 
way. We consider for simplicity a crystal of a simple salt, 
such as NaCl, where the structure is cubic, and every atom of 
the one kind is at the centre of an octahedron of atoms of the 
other kmd. Many reasons have already been adduced for 
believing that the atoms actually exist in the crystal in the 
form of ions, the metal atom having given up an electron to 
the halogen atom. If we know the law of force existing 
between the atoms, it then becomes a task for the mathe- 
matician to calculate the compressibility of the salt, which is 
a matter of the difficulty of pushing the ions closer together, or 
the heat of formation of the crystal from the ions in gaseous 
form, which is the energy required to take aU the ions to 
infinity against the forces which they exert on one another 
Actually we assume a general law of force, and discuss what 
precise form it must take for the calculated properties to agree 
with experimental measurements, and then what deductions 
can be made from this form as to general atomic structure. 

In order to work out a theory of electrostatic cohesion the 
assumption which we make as to the law of interatomic force 
must clearly lead to a stable equilibrium position for an atom 
in a crystal. Two oppositely charged ions, each carrying unit 
charge e, will at large distances, when the ions can be treated 
as charged poiats, attract one another according to Coulomb’s 

law, with a force — , but when they come close to one another 

a repulsive force must come into play, or else the ions would 
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approach indefinitely.* Physically the existence of this 
repulsion can easily be eisplained as due to the dose proximity 
of the peripheries of the ions, which consist in both cases 
entirely of negative charges. Bom assumes that the potential 
of the repulsive force can be represented by an inverse power 
law so that the total potential, induding the Newtonian 
part corresponding to the inverse square law, is 

9>= -ei^Jr+Plr” (i) 

The potential of a single chosen ion in a crystal is, of course, 
the resultant of a very large number of expressions of form (i), 
due to all the other ions, the sign of the first term being 
reversed when we are considering ions of the same sign as 
the chosen ion. The resultant potential must be of the form 




A B 


where d is the shortest distance from one ion to the next ion of 
the same kind, i.e the grating constant. There are mathe- 
matical difiiculties in carrymg out the summation, due to slow 
convergence, which were successfully overcome by Maddung, 
who has shown how to calculate the dectncal fidd m a system 
of regularly arranged point charges exerting Coulombian forces, 
whether all the charges are of one kind, or altematdy positive 
and negative, as in the case under consideration. The constant 
A, sometimes known as Madelung’s constant, can therefore be 
found m terms of the charge on the ions ; for the simple type 
of lattice which we have chosen for discussion it has the value 
13-946®. B depends upon the unknown constant j8. However, 
if the crystal be subject to no external forces, the force on an 
ion in equihbrium must be zero, and therefore 


nB 

9 r 


=0 when r=d 


or 


B=-d-\ 

n 


(la) 


* It IS interesting to note that Boscovich, in the eighteenth century, 
developed this arguxnenti and actually gave curves representing the supposed 
variation of interatomic force with the distance, showmg reversals. See 
Boscovich, Theoria Philosophtae Naturahs, Venetiis, mdcclxiii, of which an 
Englibh translation has been published by the Open Court Pu blishin g Company. 
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where d is kaown, but n is unknown. We have, however, 
an experimental critenon to determme the value of n. The 
compressibility depends upon the force of repulsion which 
the ions exert on one another when the distance between them 
is diminished, and so involves the form of the potential as given 
in (i), and hence n. Bom and Land6 have succeeded in cal- 
culating the compressibility « in terms of n, and have deduced 
the formula 

gi* _ 9# 

^~A[n-x)~ i3-945®(n - 1) 

in the case under consideration. If be the distance between 
the (loo) planes, so that df^=\d, this becomes 

9^0* 

^ ~ • 8736 *(» - 1 ) ' 

A M 

Also pNd^=— -=— , where N is Avogadro’s constant and 

2 2 

Ai, Ag are the atomic weights of the different elements involved, 
or ilf is the molecular weight of the compound, so that, 
substituting for d^, we have 

9 1 
• 873 e®( 2 iV)* ^ P' « - 1 

I 

=3-5 xio-“{— ) (2 

\p/ n-j ^ ' 

If we can find n theoretically as a result of assumptions about 
the general form of the atom we can obtain a value for «, to 
be compared with the experimental value, or, of course, what 
is the same thmg, we can find a value for n by putting the 
experimeital value for x in (2), and discuss what general form 
of atom wiU lead to this value for n. 

Bom and Land6 took up first Bohr’s old ring model, to see if 
it would yield satisfactory results in the case of halogen salts 
of the alkali metals. On tins model the ions consist of a nucleus, 
with which the two innermost electrons may be associated, 
and concentric rings of eight electrons. The basis of the lattice 
was assumed to consist of eight ring atoms (ions) with their 
axes parallel to the cube diagonal. The potential due to such 
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a distribution of electricity was developed in inverse powers 
of r, and the final result was that the index of the second term 
in (i) was 5, i e. the second term in the energy is in d~^. At 
the same time the equilibrium distance was calculated, and 
found to agree well with the known value of d, with certain 
subsidiary assumptions. However, when the value n=$ was 
put into the expression for the compressibility (2) the resulting 
value of K was nearly double that found from experiment. 
This attempt is mentioned to riiow that it is not the case 'that 
any model will do. 

Bom then calculated the energy on the assumption that the 
ions had a cubic electronic structure instead of a ring structure, 
in accordance with Kossel’s views. He took, for example, for 
the alkali metal ion and the halogen ion, eight electrons at the 
comers of a cube, having at its centre a positive kernel with 
nine unit charges in the former case, and seven in the latter 
case. The formula obtained when all the cubes are arranged 
with their edges parallel is 



y5 




(3) 


where a and a' are the radii of the spheres described about the 
cubic 10ns of the two different kinds respectively, and r is the 
distance apart of their centres, while the /’s are functions of 
the inclination of the line of centres If a is approximately 
equal to a' , we have 


or the index n m (i) is 9 If n=g be put mto equation (2), 
values are obtained for « which agree very well with those 
experimentally found Or, putting it from the other point of 
view, if the experimental values of x be put into equation (2) 
the following values of n are obtained for the salts given. 

Salt NaCl NaBr Nal KCl KBr K1 

n 7-84 8-6i 8-45 8-86 9-78 9-3i 

These approximate to 9 as closely as we have any right to 
expect. 
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Various extensions have been made of the theory, but ■what 
has beaa said will suffice to show the -way in which it has con- 
firmed the hypothesis that the atoms in crystalline salts, at 
any rate of the simple type considered, exist in the ionised 
state, and have a cubic structure. 

J. J. Thomson has applied the static model to the question 
of the compressibility of elementary substances, where the 
binding must be homceopolar. He makes no assumption as to 
the mechanism of combination in such cases, but divides the 
body into equal cells which fill aU space, for which one of the 
following four types must be employed : (i) cubes, (2) hexa- 
gonal prisms, (3) rhombic dodecahedra, (4) cubo octahedra. 
If a positive charge be put at the centre of each ceU, and an 
electron at each comer, a brief consideration shows that we 
shall have : in case (i) one electron to each atom, in case (2) 
two electrons, in case (3) three electrons, and in case (4) six 
dectrons to each atom. The electrons in question must be 
considered to belong to the outside layer only, the other elec- 
trons, constituting the kernel, being taken with the nucleus. 
Certain other regular arrangements provide for four, five and 
seven electrons per atom, so that this scheme gives a rough 
method of representing elements of valencies from one to 
seven. J. J. Thomson does not use Madelung's result, so 
that the series which he uses are very slo'wly convergent, 
and lead to rough values, and he assumes for the potential 
energy the very simple form 



he takes »=2 in equation (i). The formula which he 
deduces for the compressibility is 

9 

3-65e2iV^ ' 

where A is the atomic weight, for the monovalent class, for 
which the cells are such that there is one electron per atom. 
Similar formulae, differing only in the numerical coefldcient, 
are obtained for bivalent and tervalent elements. In spite of 
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the rough nature of the assumptions fair agreement with 
experimental results is obtained in many cases. A more 
daborate theory has been put forward by I^d6. 

Another instructive quantitative application of the lattice 
theory to physico-chemical problems has been initiated by 
Bom. We know, using (i«), that 


ABA/ i\ 

^~d d^~dV J’ 


where # is the energy per volume d®, if the value 13-946® be 
for A. Eadi volume contains eight ions in the case 
of substances such as rocksalt, once more considered for 
simplicity, or four molecules, so that the energy per gram 

molecule=l 7 =- (i - -j- 

Using the fact that Npi^=\M, where M is the molecular 
weight, we have 

putting «=9, and A =13 946®, or 
1 

U= 545 (^^^ kilogram calones per gram molecule 

for the rocksalt t3q)e of crystal. Similar formulae with a 
different value for the constant term have been worked out 
for other types of crystals This gives the energy of the 
crystal, i c. the work required to take the 10ns to infinity, or, 
in other words, the heat of formation of the crystal from 
ionic gas. While this cannot be measured directly, Bom has 
shown how it can be deduced from known measurements by 
T upqns of a cyclic process, sometimes called a Bom cyde. The 
cyde is eiqiressed m the foUowmg scheme, where the sohd 
state is indicated by endosing the symbol m a bracket, while 
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for the gaseous state the symbol is not enclosed. M denotes 
a metal atom, X a halogen atom. 



The meaning of the symbols is as follows • 

is the heat of formation of the solid salt from solid metal 
and gaseous (molecular) halogen, and can be detemiined 
calorimetrically. 

Sjjf is the heat of sublimation of the metal, and can be deter- 
mined calorimetrically, or by measuring the pressure of 
sublimation as a function of the temperature, and using 
Clapeyron’s equation. 

Iju is the energy required to ionise the metal, or ionisation 
potaitial discussed in Chapter XII. 
is the heat of dissociation of the halogen, obtained by 
measuring the dissociation constant as a function of the 
temperature, and using van 't Hoff’s equation. 

Ej[ is the energy required to remove the extra electron from 
the halogen ion X~, and can be found by investigation 
of a particular region m the absorption spectrum, which 
need not be discussed in detail here. 

U„r is the heat of formation of the caystal from ions in the 
gaseous state, which is required 
We have from the cycle ; 

Qjix ~ (^x “ -^x) “ 

so that, all the quantities discussed being known separately, 
U xfr can be found. Excellent agreement between the values 
of U mt so derived and those calculated from the energy of the 
lattice has been fotmd for a series of halogen salts of the alkali 
metals. 

This method of Bom’s is likely to come into extensive use. 
Gr imm and Sommerfeld have, for instance, applied a Bom 
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cycle to show why, on energetic grounds, the diatomic molecule 
of chlonne must be a homceopolar gas, and not a hypothetical 
solid salt Cl+Cl", by showing that if the salt could exist its 
transformation to the gas would be accompanied by an emission 
of 100 kilogram calories, and so would take place at once. 

We return to our discussion of physical applications of the 
cubic static model, from which we have somewhat strayed. 
A. 0. Rankine has applied the structure arrived at by the 
hypothesis of electron sharing to the theoretical consideration 
of the viscosity of polyatomic gases. It is well ‘known that the 
viscosity of a gas depends on the cross-section of the molecule 
presented as a target to other molecules, as exemplified in the 

familiar MaxweUian formula *)= — where » is the 

V 2 . n^ira^ 

coefficient of viscosity, p the density of the gas, u the mean 
velocity of the molecule, n the number of molecules per unit 
volume, and cr the radius of the molecule Recently Chapman 
has worked out an improved formula which takes account of 
the mutual attraction existing between the molecules : accord- 
ing to this formula 


4JFa*= 


•49io« 



where S is Sutherland’s constant and T the absolute tempera- 
ture. The molecules are hard attracting spheres, for which 
represents the cross-sectional area. This apphes well for 
the monatomic gases, but obviously a CO* molecule, for 
instance, cannot be considered to be sphencal in shape. If 
the molecule is not sphencal, then Tta^ must be taken as 
the average area presented by the molecule as a target to 
other molecules for aU angles of approach. By ma k ing 
assumptions as to the riiape of the molecule this average 
can be calculated. 

Rankine has considered, with Langmuir, that the molecules 
CI 2 , Brj, Ij, for instance, are made up of chlorine, bromine and 
iodine atoms sharing two electrons, and so taking on the external 
form of double atoms of argon, krypton and x^on re^ectively. 
By comparison of the dimensions of the monatomic gases — 
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spherical molecules — as obtained from the viscosity measure- 
ments -with those obtained from the crystal measurements of 
W. L. Bragg,* it is found that the gas-kinetic diameter is bigger 
tTian the crystal diameter, which latter represents the distance 
between the centres of combined atoms. Round the centre 
of each atom Rankine draws a sphere representing the gas 
kinetic size of the inert gas in question, and places the two 
atoms at the distance apart indicated for combined atoms : 
the two spheres overlap as shown in Fig. 105, which repre- 
sents the molecule of a halogen gas. The average cross-section 



Fig. 105 

Representation of a molecule of a halogen gas foi the puipose of 
gas-kmetic calculations 

presented by such a molecule m different directions can be 
calculated without much difficulty. Rankine considers that it 
is better to take the atom as an eUipsoid of the form indicated 
by the dotted hne, as it is probable that the field of force which 
determines the effective gas kinetic dimensions is rounded off 
when the atoms combine. With this model he calculates, by 
making use of the known dimensions of the atoms of the inert 
gases, good values for the viscosity of the gases Og, Clj, Br^, Ig. 
He has eictended his work to the triatomic molecules of COj 
and NaO, represented m Fig. 106 (compare Fig. 103 {d ) ), which 
have the same structure on Langmuir’s theory, as has been 

• Of course, the dimensioiis of the atoms of the inert gases cannot be obtained 
directly from crystal measurements, since they do not combine and form 
crystal, but they can be deduced from the dimensions of the neighbouring 
atoms in the penodic arrangement, it having been shown by W. L. Bragg 
that the atomic diameters of the elements of each penod approach a hmit 
as the heavy end of the penod is approached. Cf. Fig. 79. 
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pointed out already. Satisfactory results have beea obtained 
with them, and with stiil more complex molecules. It may be 
noted that the special structure claimed for the nitrogen mole- 
cule, and illustrated in Fig. 104 is, in a sense, confirmed by 
the viscosity considerations, for if it be represented as two 



Fig. io6. 

Representation of COj or Np molecule for the purpose of gas-kinetic 

calculations 

linked neons, by extension of the successful work on the oxygen 
and chlorine molecule, results are obtained which do not agree 
with experiment. The nitrogen molecule does not resemble 
the oxygen molecule m its formation. 

Considerations of the electncal conductivities of metals have 
also been based upon the static atom model. The ordinary 
electron theory of conductivity assumes that the current is 
carried by a swarm of free electrons which exist in the metal 
in the mterstices between the atoms, these electrons bemg 
supposed to behave exactly like a gas, i.e. to be subject to the 
laws of the kinetic theory of gases, and, in general, to have the 
same energy per electron as a gas molecule at the same tem- 
perature. This theory has had certain successes in representmg 
isolated features of electrical and thermal conductivity, but 
meets with the great difficulty that, if the equipartition of 
energy be admitted, the electrons must be responsible for the 
greater part of the heat energy of the metal, since the theory 
mdicates about three times as many free electrons as atoms. 
This can scarcdy be reconciled with the general vahdity of 
Dulong and Petit’s law for metals as well as metalloids, nor 
with the fact that at very low temperatures the conductivity 
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is extraordinaxily high and the specific heat very low. If the 
law of equipartition of energy be abandoned fresh difificulties 
arise, as has been emphasised by F. A. Lindemann. 

Both Lind^atm and J. J. Thomson have proposed to get 
round the difficulty by makmg the " free ” dectrons, which 
carry the current, form a space lattice, and move m rigid lines 
along the linfts of the lattice under the influence of an dectric 
force. J. J. Thomson’s theory can best be exemplified by 
rnnciflpri-ng the case of a simple cubical space lattice • the atoms 
occupy the central space of the cubes, and the conduction or 
valency dectrons are at each comer. It is then assumed that 
a ^bflin of dectrons lying along a straight line in the lattice, 
such as A, A', A", A'" (Fig. 107), moves as a whole, carrymg 

dectridty from one part of the metal 
crystal to another part. An dectron 
in this chain is not independent of its 
ndghbours in the chain, but acts as if 
A a' a" a'*' rigidly connected to them, so that the 
Pig. 107. whole chain has only one degree of 

ample lattice illustrating freedom, instead of three degrees of 
dectncai freedom fer electron, as in the old 
theory. The variation of electrical 
resistance with temperature, induding the super-conductivity 
at low temperature, has been accounted for on the basis of this 
new conception, which seems to offer in any case a way out of 
the difficulties and contradictions m which the kinetic theory 
of dectrons has become involved. 

In this connection reference must be made to an interesting 
paper by Hdjendahl, who has applied the general conception 
of penetrating orbits, with large rotation of perihelion, to the 
problem of metallic conductivity. He supposes that in a sohd 
such a penetratmg orbit, having made an “ inner loop ” round 
the nudeus (see Chapter XIV.) and emerged, is liable to be 
drawn into the sphere of influence of a neighbouring atom, and 
to execute an inner loop round its nudeus, and so on for suc- 
cessive atoms, the outer loop never being completed, but 
existing (as far as it can-be said to exist) merdy as a connecting 
path between two iimer loops about different nudd, instead 
of, as in a gaseous atom, as a connection between two inner 
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loops about the same nucleus. At very low temperature, when 
the heat motion of the atoms is negligible, the electron will 
then describe a zigzag path, swinging from atom to atom, its 
path embracing each nucleus as shown in Fig. io8. This gives 
us the free passage of an electron right through the crystal as 
demanded by the superconductivity at low temperatures, and 
is equivalent to the chain of electrons 
supposed by Thomson and by Linde- 
mann. At higher temperatures, how- 
ever, when the atoms cannot be re- 
garded as stationary, the path is liable 
to be broken by the heat vibration of Fi&. los. 

an atom. The path can also be broken To illustrate Hojeudahi's 
by irregularities in the crystal, or by hypothesis, 

the presence of an atom of another kind, as in allo37s. The 
unbroken length of the regular path of the t 3 ?pe illustrated 
is equivalent to the mean free path of the electron on the 
old Drude theory of electronic conduction. Hdjendahl has 
obtamed satisfactory quantitative results, and the method 
seems very promising. 
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CHAPTER XVIII 

WAVE THEORY AND QUANTUM THEORY 

Introdactary. The diihcxilties of reconciling the wave theory 
with the quantum theory are well known, and have been dis- 
cussed at length by physicists of the cahbre of H. A. Lorentz 
and J. H. Jeans without any very compelling solution being 
obtained. The wave theory gives an excellent account of the 
reflexion, refraction, diffraction and (but for the matter of the 
calculation of the constant in the dispersion formula) dispersion 
of light of all wave-lengths. In all these phenomena we have 
an interaction of radiation with matter, but no transformation 
of the energy of radiation into energy of other forms, nor yet a 
transformation of radiant energy of one frequency into radiant 
energy of another frequency, such as takes place in the pheno- 
mena of fluorescence. On the other hand, all phenomena 
which involve a transformation of the radiant energy into 
energy of the electrons bound in matter, in one manifestation 
or another, are explained by the quantum theory, and the 
larger part of this book has been devoted to phenomena 
susceptible of a quantum explanation. It will be remembered 
that the quantum theory originated in Planck’s investigations 
on the theory of black body radiation, which involve, of course, 
the transformation of radiant energy into atomic energy and 
the reverse process. Each within its own sphere, both quantum 
theory and wave theory render excellent service, but when we 
come to try to extend either the one or the other theory to 
cover all the phenomena, we are met by difficulties whidi so 
far have proved insuperable. It is true that Bohr’s corre- 
spondence principle has givep us a method for incorporatmg 
certain results of the wave theory in the quantum theory, but 
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it is, in a sense, merely a nsoM device, and does not m any 
way reconcile the two theories. It is an extension of the 
general fact that if the quantum be nuide small enough, U. the 
wave-length be made long enough, all quantum results must 
agree with the results of tlie wave theory. 

The immediate problem is, tlicn, less that of the funda- 
mental reconciliation of tlic two tlioories than that of deciding 
exactly how far each can be employed in dealing with par- 
ticular phenomena. Accordingly, with this more modest end 
in view, we shall in this cliapler merely discuss certain cases 
in which the relative validity of quantum and wave theory 
have been and are the subject of pccxiliar interest. As a 
preliminary, it may, however, be wcU to allude very briefly to 
the fundamental difficulties before relegating them to the 
skeleton cupboard. 

The wave theory supposes tliat when an elementary oscillator 
— ^an atom or molecule — emits light, tins light spreads out, in 
a homogeneous medium, in .sphericed waves. To explain 
interference with monochromatic light, it is necessary to 
suppose that there is a regular succession of waves extendmg 
over a distance at least equal to that of the ])ath difference in 
the particular case under observation, or, m other words, that 
the emitter shall continue vibrating regularly and unmter- 
ruptedly for a time equal to that needed for the light to travel 
through the path difference. Further, although it cannot be 
directly concluded from experiment tliat a com])lete elementary 
spherical wave is emitted, the elementary wave front must 
extend at least far enough to cover the two slits, or their 
equivalent, of the interference apparatus.* Now interference 
fringes have been obtained with a path difference of more than 
a million waves, so that the length of the regular tram of waves 
in the direction of propagation must be of the order of 50 
centimetres or greater. In the Michelson interferometer 
attached to the Hooker telescope to measure the diameter of 
a star by the interference method, the mirrors which receive 
the light are twenty feet apart, and the interference effects 

• Th«;e is, on Ite classical theory, no way of esqplaining the emission of a 
portLon of a spherical wave only, but if such a partly directed emission would 
satisfy all our needs, as indicated by experiment, it might be assumed ad hoc. 
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produced axe in accordance with rlaAs i ral theory, so that the 
unbroken wave front must have this extent. Hence, unless 
there is a coherence between the light emitted by diff erent 
atoms of a source which is controlled by their mutual positions 
(a supposition which is hard to support), each elementary 
emitter must send out a disturbance of regular waves which 
extends at least 50 cms. in the direction of propagation and 
600 cms. normally to the direction of propagation. 

If, then, light be emitted in quanta, unless a single demen- 
tary emitter send out several successive quanta in phase with 
one another, the extent of the quantum in space must be of 
the order just given. AU the facts of photodectridty, however, 
demand a strictly localised quantum of energy, smce the whole 
energy of the quantum is transferred to the dectron, whose 
vdodty of ejection depends only upon the frequency of the 
madent radiation, and not at all upon the intensity, t.e. not 
upon the number of quanta which reach the photoelectric 
surface in unit time. It is difficult to think of an atom catch- 
ing a quantum unless the quantum is something like a minute 
atom of radiation. The quantum theory of absorption of 
radiation seems similarly to demand a strictly localised light 
quantum An extended quantum, considered for simphaty 
as an isolated tram of spherical waves, can be admitted if we 
are allowed to suppose that when an absorbing system, namdy 
an atom which happens to be m some particular (let us say 
phase) rdationship to the incident tram of radiation is reached 
by the tram, the whole train coUapses mstantaneoudy on to 
the atom, as a pricked soap bubble coUapses, and its energy is 
transferred to the atom. This would demand an mstantaneous 
velocity of the energy m the wave front itself, but not necessarily 
in the direction of propagation of the wave, since the atom 
might be allowed the time necessary for a wave to travel 
60 cms. (i.e. 2 X 10"® secs.) to absorb the energy. The hypo- 
thesis seems fantastic, but it may be better than nothing. An 
objection which Jeans has raised to any extension of 
quantum over a length measured m centimetres, namely tha 
every camera shutter or Fizeau toothed wheel would cat som « 
of them in half, may be urged, but we know so httle about -the 
properties of quanta, and have already swaUowed such hypo- 
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theses, that it does not seem excessive to ask tlie faithful to 
believe that if the head of Uie quantum has got through 
unabsorbed, it cannot be absorbed by matter, and will drag 
its tail after it, so to speak. The quantum, considered as a 
long train of strictly localised waves, has been called an eel-like 
quantum by reputable physicists, and an cel is not easily cut 
in half. An interesting experiment of G. P. Thomson’s, 
carried out with canal rays as emitters and an ingenious 
arrangement of slits, shows that normal visual and photo- 
graphic effects are stiU produced when the particles travel so 
fast past the slits that there is not time for a complete quantum 
train to pass through them. Here, again, if we are to assume 
an extended quantum of the kind needed for interference 
phenomena, the head must drag the tail through ; the tail 
must take no notice of matter at all. I should hesitate to use 
such loose language about so grave a matter as a quantum 
were it not that its irregular behaviour seems to justify irregular 
analogies. After aU, the assumption that unless the head of 
the train finds an atom ready to interact with it the whole 
train gets through, is merely the expression of the observed 
fact and its associated difficulties. It is not oflercd as an 
explanation, but merely as a concise expression 
A final argument for the extended quantum, and one for the 
localised quantum, or light dart, may be cited. When we 
consider interference on the wave theory, we should expect the 
same pattern, no matter how feeble the light may be. For 
instance, m the case of the diffraction image of a star formed 
by a tdescope, the waves fill the whole aperture of the lens, 
and the pattern can be calculated On the theory of localised 
quanta, or light darts, as they may be called (the Nadelstraklung 
of Einstein), we diould have to suppose the effect a statistical 
one in any case, before we could attempt to deal with other 
difficulties : a given part of the pattern would be due to the 
ulrfluence on one another of quanta striking within a very small 
^^J^^ce in a very small time interval. But if this were so, 
'^en ^ the light were made exceedingly feeble, so that only an 
VaamoxJ^ quantum entered the telescope or other apparatus, 
we'^oid^\®^®ct no pattern to be found. It is found, however, 
that\the saime pattern is formed, no matter how much the 
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intensity of the light be reduced. G. I. Taylor diowed that 
even when the illumination was so feeble that 2000 hours were 
required to obtain a photograph of the diffraction fringes of a 
needle the normal effect was obtained. This is another argu- 
ment for the wave theory, or, at any rate, the extended quantum 
which behaves as a long train of waves with a wide wave front. 

On the other hand, Einstein, in the invest^ations which led 
to his derivation of Planck's formula from the theory of 
stationary states, argued that to maintain the Maxwellian 
distribution of energies in a collection of Bohr atoms in equi- 
librium with radiation it is necessary to assume that the 
radiation is emitted in darts of energy. For the purposes of 
his deductions, the radiation is considered as possessing 
momentum hvjc * (the kinetic energy being, on Einstein’s 
theory, wc*, and the velocity c), and as being fired off in a 
random direction like a bullet, with a consequent recoil of the 
atomic gun. The argument has been criticised, notably by 
Breit, and the criticisms answered by Einstein • on the whole 
Einstein’s interpretation seems less strained than any other 
leading to the required results. 

The linearly and unidirectionaUy emitted light dart, and the 
spherical wave of radiation are, thsn at present, conceptions 
of which the physicist makes usimpli.his convenience, while 
awaiting a reasonable substitute' shall be inclusive and 

have the properties of the one''°*]!}E^‘the other accordmg to 
circumstances It may be mentioned that various more or less 
fantastic attempts have been made to derive a cross-sectional 
area for the hnear quantum, which all lead to different results, 
although, as might be expected, all give a value of the order A®. 

Dispersion. We will start by gi'vmg a brief summary of the 
classical electromagnetic theory of dispersion. This is based 
upon the assumption that atoms contain linear harmonic 
oscillators, consisting of electrons bound to equilibrium posi- 
tions by quasi-elastic forces. These oscillators therefore have 
a definite free frequency : when a monochromatic radiation 
of frequency v is incident upon them they are set into forced 

* Since in this chapter there is no need to mention wave number as distmct 
from frequency, the S5mibol v, and not vr* will be used to denote frequency, to 
simplify the notation. 
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vibrations of frequency v* whose amplitude depends upon the 
relation of v to in the familiar way described in the standard 
text-books-t The result of these forced vibrations is a modifi- 
cation of the velocity of the electromagnetic wave to an extent 
depending upon the frequency of the incident wave, and so we 
get dispersion. If there were no damping of the oscillators the 
theoretical amplitude of the forced vibration would be infinite 
if the incid^t wave were to have frequency v^, and the wave 
would not penetrate at all. To obtain finite absorption and 
finite refractive index in the neighbourhood of an absorption 
line a damping constant is introduced. If we are considering 
the dispersion at some distance from an absorption line, the 
assumption of damp ing makes little difference, but in the 
immediate neighbourhood of a fine it is very important. Of 
course, in general, the presence of various classes of oscillators, 
of different frequencies Vj, v^, v^" . . . must be assumed, to corre- 
spond to different absorption lines, and the dispersion not in 
the imm ediate neighbourhood of any one line is the sum of the 
effects of aU the lines. In the immediate neighbourhood of 
one line, the effect of that line is overwhelming, and the effect 
of the others may be n^lected. 

We now review the chief formulae deduced on the classical 
theory of dispersion. J5e edisplacement of the electron with 
reference to the rest* light atom under the influence of the 
periodic electric force the w' rise to an electric polarisation 
(dectric moment per unit volume) of the medium which is 
periodic in both space and time, hke the force. In the case of 
a liquid or a gas, where the distribution of molecules is irregular, 
the polarisation P must be calculated by choosing as unit 
volume a sphere large enough to contain a very large number 
of molecules, but small compared to the wave-length, so that 
the electric force is uniform in the space considered. Owing to 

* Of course when the disturbed motion first begins there is a motion of 
frequency vq as well as the motion of frequency v — ^the complementary func- 
tions as well as the particular integral — ^but the slightest damping reduces this 
to nothiug m a very short time, on account of the high frequency. 

■f For the classical theory of dispersion consult, e g,, O. W. Hichardson, 
The Electron Theory of Matter, or A. Schuster, The Theory of OpUcs. The 
summary here given is provided in order to lead up to the so-called quantum 
theory of dispersion, and is intended merely as a guide for those wishmg to 
revise their classical theory. 
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the polarisation of the medium there will be a force on any 
chosen electron which is additional to the electric force E 
acting in the absence of aU other molecules, to the elastic 
restoring force which gives the electron its free period, and to 
any h37pothetical damping force, or resistance. If we lay*a 
small sphere round the chosen molecule the force due to the 
polarisation of aU molecules l 3 mig outside the sphere can be 


shown to be — P, while the force due to the molecules inside 
3 

the sphere is negligible.* The force E' acting on the dectron 
is therefore 


E'=E+^P. 

3 


The polarisation P is determined by E ; it expresses the ampli- 
tude of the vibratmg electron. Let E=£e®‘. We may write 


P 



(I) 


or 


p=i- 


-E'=a'B'. 


.(!«) 


47r I +4a 

If a dampmg constant y be assumed,f without enquiry as to 
the mechanism by which the dampmg takes place, P is the 
a 

real part of where a is the complex quantity 


a = 


Ttm 


mv 




2V bemg the number of oscillators of free period Vq per unit 
volume. There is a phase difference between E and P which 

* If the molecules have a regular cubical arrangement this force is zero 
if they are irregularly arranged, as m a gas, there is a small resultant force 
due to the molecules inside the sphere, which we neglect above. See H. A 
Lorentz, The Theory of Electrons, pp. 138 and 303 et seq. The reader should 
note that in this book Lorentz is usmg Heaviside units, and also that what 
Lorentz calls " the frequency n "is the number of radians per second, % e 
2irv, or he will get into trouble w’»th 47r*s, and condemn the formulae here 
given. 

•f That is, E =Boe“^^ The damping constant is often expressed by the 
time T which is required for the amphtude to fall to i/^th of its value, or r = 1/7. 
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depends upon y. If the damping be neglected (the case of 
dispersion in a transparent medium) we have 


I 


a= 


tm 

If? 




( 2 ) 


It can be further shown that, if » is the velocity of the radiation 
through the system of molecules, then 

-l=f?=x+a, 


so that ^®-i=a where n is the refractive index, 
the expression 


a __ 

+2 a +3 

Ne^ 


X 

(vo® - V®) 


9 


This gives 
( 3 ) 


first deduced theoretically by Lorentz. It is convenient to 
express these results in terms of a', since they are often quoted 
in this form by writers who are concentratmg attention on 
the dectric force B', which includes the contribution of the 
polarisation. We have, then, the following formulae to 
represent dispersion in a transparent medium ; 

P=a'E', {xa) 

^,_l g _ Nm (3^) 

4jr I +^a 4:r®(vo® — V®) 


a.nd 


tt® - 1 atc , 
= — a 

fi^+2 3 


So far we have considered only one class of oscillator, with 
free frequency Vq, i.e. we have taken only one absorption line 
into account. If there are different classes of oscillators we 
have to replace (za) by 


Ne^lm 


( 4 ) 


where N is the number per unit volume of oscillators of charge e, 
mass m and free frequency Vq, and the summation is taken for 
every kind of oscillator present. 
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Now in the earlier theories of dispersion the electric force 
contributed by the polarisation of the medium was neglected : 
if this be done. 


. a X 
a' = — = —{u^-i) 

431 4 jr 


and 




Ne^jm 

jr(V-v®)' 


( 4 «) 


Clearly at some distance from an absorption frequency, where 
ft is small, and the polarisation small, (4a) may be used m place 
of the more rigorous formula • this can be seen at once by 
considering (3) and observing that when /t is small 


fl^-X 

ytt® +2 


= approximately. 


In the equation considered N is an unknown constant, 
concerning which experimental evidence may be obtained by 
discussing the dispersion in the case where it is almost entirely 
due to one absorption frequency, so that the summation in (4) 
or (4a) reduces to one term. It is found that N is not the 
number of molecules per unit volume. For vibrations in the 
ultra-violet,* if e and m be given the electronic values, N turns 
out to be a few times the number of molecules present f Drude 
called N the number of dispersion electrons of the given 
frequency. It is a very important constant for our subsequent 
discussion. 

Now it has been shown, notably by Planck, that the results 
of the classical theory of dispersion which we have just sum- 
marised can be obtained by considenng as the sole means of 
interaction between the molecules electromagnetic waves, 
originating in the vibrations of the bound electrons, propagated 
in the free vacuum between the molecules This is a point of 
view which concerns us intimately in discussing modern 
developments. Each oscillator, assumed to be at rest as a 
whole and vanishingly small compared to the distance between 


* In the infra-red, with which we are not concerned, e and m must have 
the values pertaining to the material ions. 

t For the inert gases, for instance, Cuthhertson finds the following values 
for q, where N =qN', N' being the number of molecules per unit volume : 
helium 1*113, neon 2 385, argon 4*330, krypton 4*906, xenon 5 619. 

ASA 2U 
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the molecules, becomes the centre of a spherical wave, and, 
the phases of the oscillators being governed by the incident 
wave, these spherical wavelets are coherent. They interfere 
with one another and with the incident radiation, producing a 
modification of phase velocity within the medium. The 
change of velocity depends upon the amplitude of the spherical 
waves, so that from the amphtude of the oscillator we can 
calculate the dispersion formula. If the frequency of the 
incident radiation agrees with that of the oscillators themselves 
the phase of the incident waves bears such a relationship to that 
of the induced wavelets that relatively large energies are 
abstracted from the forward direction of the primary beam by 
interference . if the frequency of the incident waves is markedly 
different the phase relationship is modified and the energy 
influence turns out to be negligible, although the influence on 
the velocity of the wave is still important. All the results for 
dispersion in a transparent medium can be expressed in this 
way. To get absorption Planck assumed that the dampmg 
was caused by the radiation itself ■ the damping force due to 
the loss of energy by radiation was shown by Lorentz to be 

2 e® d^x 

3 c® 9#® ’ 

where x is the displacement. This leads in the case of a har- 
monic vibration Ae®* to a damping force 

2 dx 

3 c® dt 3c® dt’ 

i.e. a frictional force of the ordinary type proportional to the 
velocity. If r be the time for the amplitude to fall to i/dh of 

its value, then T= ^2^2y2 > expression which we shall need 

later. This damping by radiation turns out to be too small 
to account for the absorption in any but very transparent 
bodies. H. A. Lorentz has elaborated a theory m which true 
absorption, i.e. transformation of the incident radiation into 
heat, takes place by means of molecular impacts, calculated 
from the kinetic theory. It is supposed that when a molecule 
in which the oscillator has been set in motion by light collides 
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with another molecule, the regular vibration is destroyed, and 
its energy transformed into translatory molecular motion, or 
heat. This recalls the quantum collision of the second kind. 
Lorentz calculated the absorption in terms of the mftan life t 
of an oscillator in a state undisturbed by impacts, but found 
that the value obtained by applying his theory to experiment 
gave a value for t very much smaller than that given by the 
kinetic theory, or, in other .words, the number of collisions 
optically required is a large multiple of the gas kinetic number 
of collisions. There is, then, no fully satisfactory explanation 
of absorption on the classical theory. The theory of Hamping 
by collisions can be essentially transferred into the quantum 
theory. 

In spite of minor difficulties, then, the classical theory has 
had a considerable measure of success in explaining the facts 
of dispersion, and the physical assumptions on which this 
success is based are, firstly, that the atom contains oscillators 
whose free periods are those of the incident light most strongly 
absorbed ; secondly, that these oscillators give nse to spherical 
waves ; and thirdly, that these waves are coherent. In 
attempting to explain dispersion on the quantum theory, we 
have either to abandon the wave theory completely, or else to 
admit that, as far as interference, dispersion, and such like 
phenomena are concerned, we must for a quantitative descrip- 
tion still suppose that atoms emit sphencal waves with the 
ordinary interference properties, or, in other words, that while 
the quantum theory governs interaction between radiation and 
matter, the wave theory still gives a correct account of the 
phenomena outside matter 

Omstein and Burger have adopted the former method, and 
consider a light quantum as a sphencal volume of electro- 
magnetic energy, whose linear dimensions are of the order of 
the wave-length of the light. In passmg through matter this 
quantum makes collisions with the atoms, which lead to a 
retardation the ordinary formula for probabihty of collision, 
supported by sufficient subsidiary hypotheses, leads to the 
classical formula for the refractive index for long waves. 
Scattering also takes place, and Rayleigh’s formula for the 
scattering in terms of the wave-lengths of light can also be 
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found. Furllua, if llic aioms be suppo.scd lo cojilain 
osciiliilors, consislin{* of diar^'es with nicrlia, a (li.s])crsion 
formuhi can be derived which agices with the classical formula 
to a first approximation. However, the assumiilions necessary 
for these deductions arc such that the rc.sults arc more 
or less inevitable, and there is little real advance. There 
is no indication as to how the arbitral y con.stants may be 
calculated, and, while the attempt is interesting, it docs not 
seem at present that this metliod is likely to lead to new results. 

Wlien we turn to the otlier metliod, and assume tliat tlie 
atoms emit s])herical waves, wo have to devise some metliod 
to account for the way in which the atoms arc excited to radiate 
by tlie incident light. It is clear that we cannot simply treat 
the electrons in their quantised orbits as o.scillators whidi can 
be set into forasd vibrations, for if this were the case the 
resonance frequencies would be tliose of the electron in its 
various orbits, whicli arc quite dilferent from the frequencies 
of the emitted light, given by /u'.-Zi -7i'. hhxperiment leaves 
no doubt, however, that it is the latter wJiich are the alwoqition 
frequencies sif>ni{icant for the anomtilous dispersion, as 
evidenced by tlic success of the classical theory. If this diffi- 
culty can be surmounted, we still have to make .sonic assump- 
tion which will makes the .sjfiieiical waves coherent, and not 
emitted at random, as they would be on the i>ure quantum 
theory. One of the early attempts to gel over the fundamental 
difficulty of the iieiiod of the lesonator was made by C. 0. 
Darwin, wlio jnit forward the assuinjition that the atoms 
subjected to incident radiation jiossess a ceitain jirobability of 
emitting a quantum of radiation, m the foini of a damped 
wave whose frequency j-„ is given by quantum conditions {t e. 
determined by the natuie of the atom), and is consequently 
different in general fiom that of the iiK'idi'iit wave, llic 
probability of the cini.ssion of such a wave by the atom between 
time t and t +di is assumed by Darwin to be projiortional to 

— di, where E = E cos 27iv{l - s/c) represents the incident radia- 
dt 

tion. Tins introduces the frequency of the incident wave into 
the expression for the scattered wave. It is furtlier assumed tliat 
the damped radiation emitted by tlie atom has a certain phase 
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relationship at the start. When the effect of all the atoms in 
the body, emitting damped waves, is taken into account by 
integrating, the frequency of the atom itself, as given by the 
quantum theory, is found to average out, and we are left with 
a resultant disturbance which has the frequency of the incident 

wave, but an amplitude involving ^ in the classical way- 

By adjusting the constants Darwin’s expression for the scattered 
energy, and hence for the dispersion formxila, can be made to 
agree exactly with the classical expression. The constants in 
Darwm’s formula cannot be calculated, any more than those of 
the classical formula, and the mechanism of the conversion of 
radiant energy into heat remams obscure. The theory has the 
peculiar feature that the law of conservation of energy holds 
statistically only, and not for individual processes, a concep- 
tion whicli will receive mention again when the theory of Bohr, 
Kramers and Slater is discussed Darwm’s theory has been 
cnticised by Bohr and others on the ground that for very 
feeble incident light the atoms emitting energy discontinuously 
in the way assumed would not produce enough wave trams to 
interfere regularly the statistical machinery would break 
down, whereas experiment has shown that the dispersion 
phenomena are quite independent of the intensity, just as are 
interference phenomena Tlic theory is briefly desenbed here 
to show how an attempt has been made to retain the quantum 
machinery of emission in dispersion theory 

This standpoint failing, it lias been found necessary to make 
still further concessions to the wave theory, retaining of the 
quantum nieohanism only ceitain considerations of the prob- 
ability of transitions between .stationary .states To preserve 
the foatmes in which the wave theory is successful, we must so 
far assimilate tlie quantum theory of dispersion to the w'ave 
tlieory as to suppose that the atoms give rise to a “ virtual ” 
field of radiation, which has the Irequcncy determined by the 
quantum relation hv=E-E' and not the frequency of the 
electron m its orbit, but is continuous, and not spasmodic like 
a true quantum field. Tlie assimilation of the field to that 
prevailing on the wave theory implies that the atom contains a 
virtual or substitute ®scillator (Ersatzoscillator) correspond- 
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ing to cacli transition from an ocaipiecl orbit to another orbit 
permitted by tlie selection prin('i])Ic . tliero is, of course, 
aSvSociated witli a given atom no virtual oscillator corresponding 
to transitions from an nnoccupu'd orbit, since there can be no 
absorption line of frequency corresponding to sudi a transition. 
The substitute oscillator has the ])ropertics of a classical 
oscillator, consisting of a vibrating charge which possesses 
inertia, but, if one oscillator of each kind bo considered attaclicd 
to an atom, the cliargc and the mass have not the electronic 
charge and' mass, or, in particiilai, tlie value of ct^/m which 
enters into tlie formula has not the vtdue whidi it has for an 
electron. Alternatively we may let <;“//« have tlu* electronic 
value, but assume an arbiti’ary number of oscillators, since 
Nc^lm is the arbitrary factor in the equation. 

Of course, if tlie substitute oscillator which continuously 
emits waves capable of interferenct! has exactly the same 
properties as a classical o.scillator all the dis]>ersion re.sults 
whidi follow for the classiail oscillator will follow for the 
substitute, smee the dispcnsion is the result of the interaction of 
the spherical waves proceeding from the atoms On the classical 
theory the dispersion formula contains, as wo have seen, an 
unknown constant N, which has not been theoretically con- 
nected with the general properties of the atom we have 
therefore the opportunity to mtioduce .sjx'cilic fe.itiuesof the 
quantum theory in trying to deduce the constant The 
constant is connected with the amplitude of tJie wave emitted 
by the atom, and hence, if we adopt the ciuantum theory in so 
far as we suppose the frequency deteimiiu'd by a ]>assage fiom 
one stationary state to another, we shall have to express this 
constant in terms of the Einstein factor .1^^,, which expresses 
the probability of a transition from a state k to a state i of 
lesser energy ; this takes the place of the ain])htudc of the 
oscillator on the classical theory We have a possibility of 
connecting tlic dispersion constant of gases with the mteiisitics 
of spectral lines. Once the amiilitude is obtained we have an 
expression for a in equation (r), which is connected with the 
refractive index by the classical cxjiressions (j) or (.:|), since, on 
the theory of the virtual o-sciUator, outside the atom wave 
conditions prevail. 
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Ladenburg’s method is to eqxiate the total absorption of 
harmonic oscillators, as calculated on the classical theory, to 
that of N virtual oscillators, calculated on the quantum theory 
by introduction of the Einstein coefficient. It can be shown * 
that similar classical oscillators, of free frequency v, bound 
isotropically in space, absorb by scattering an amount of 

energy per unit time, where I^dv is the density of 

incident radiation of frequency v to v +dv. Now the quantum 
absorption is 

(5) 

where arc the Einstein coefficients for transitions 

from state i to k, and state k to i under the influence of radia- 
tion, Ni and Nf. are the numbers of atoms in states i and k 
respectively, and hv^, is, of course, the energy absorbed or 
emitted in the i-^k and k^-i transitions respectively. From 
the considerations of Einstein’s development of Planck’s 
formula (see p. 355, et seq.), we have 

^k^k-*i ’ (^) 


and further, using this relation, we have from equation (6), 
Chapter XII., 


« -1 
85r/«'o* 


( 7 ) 


since tlie constant (' introduced on p. 355 has the value %nhjL^. 
Using these relations (5) becomes 






If I is not too large, ^ can be neglected in comparison 

With I, and 




* Planck, W&ymGslmhlung, Fourth JCdilion, formulae (159) and (260). The 
expressions given by Planck apply to the linear oscillator, and must be multiplied 
by 3 to give the result for an isotropically bound oscillator. 
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Now on the classical theory tlie absoqjtion of oscillators 
isotropically bound is 


Equating tlic classical and the quantum expressions, we have 

,.3 


N — N— ^*'**’/^ — iV — *■ 1 ~N 


* 




% 


’’^ 1 ^ 
<-h 
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T having the value already given on p. 67^ . 

Now N^l is the disjiersiou constant in the classical lomnila 
which we have already given, so that (8) gives the dispersion 
constant in terms of the Euistein probability whicli is 
the probability of a spontaneous transition from state k to 
state i. Wo can express tlie inequality of and iV, either 
by supposing that eadi quantum atom reacting to the incident 
radiation is replaced by x classical oscillators of electronic 
cliarge 0, and mass m, where x=NJN^, or we' may say that 
each quantum atom is replaced by a classical oscillator of 
charge xc, mass xm, so that c^jm has ^ times its value for an 
electronic oscillator The weights q and the probability coclfi- 
cients can be calculated approximately in certain simple 
cases, where the macliincry of the electronic orbits is susceptible 
of quantitative treatment Simjde confirmation of the formula 
has been readied by Ladenburg witli hydiogcn, and 'I hoinas 
(whose calculations of the electronic orbits have been men- 
tioned in Chapter XI.) with sodium Of couise, m the case 
of absorption by unexcited vapour, may lie taken as the 
total number of atoms 

Kramers has .shown how to apply the coin'siioiidence prin- 
ciple m gcneial. The reaction of the atom to the mcident 
wave is, on the theory of the virtual oscillatoi , conditioned by 
the amplitude of the hamionic c()m])oncnt conesjionding to 
the quantum .switdi which gives the freipiency m question. 
The correspondence principle docs not allow a iigoioiis solution, 
but Kramers has considered the K'gion of small frequency, 
where tlie stationary states are close to one anotlier, or, in 
other words, the case of large quantum numbers. Since we 
have here an initial state which is not a normal state of the 
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atom, we must consider the Einstein coefficient both for jumps 
in which the state considered is the initial state, and in which 
it is the Anal state. Assuming all statistical weights to be the 
same, ix, Kramers fmds 
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where k>i>j, so tliat the first summation refers to transitions 
in whicli energy is emitted, and the second summation to 
transitions in which energy is absorbed. Tlie t’s and the v's 
correspond to these transitions, so that 
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Die iinst suinraation is, in ellect, the cxpre.ssion which we have 
already considered, and represents the reaction to radiation of 
a classical harmonic oscillator with charge xc and mass me, 
sucli that * 
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The second suinmation, however, corresponds to a virtual 
oscillator for winch 
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and so has a negative v.ilue. This negative virtual oscillator 
IS a somewhat troublesome conceihion It i epresents a negative 
dispersion winch beais a close .inalogy to Einstein’s “negative 
absorption ” 'Ihere aie two kinds ol virtual oscillators 
As alu'ady pointed out, the relation ol P to E is sullicicnt to 
give the dispersion formula, il the wave theory be considcri'd as 
valid outsule the atom, so the actual dispersion fonnula need 
not be written down 'Phe foimula given by Kramers applies 
only to regions foi which r is outside the absorption lines which 
contribute, in I'llect, the dillereut terms m the .summation 
This is clciir fioin ordinary clas.sical consideiations 

No q\ jipixMr Jii ((>), sinci* il is assumed that all statistical woiglitb arc the 
same Wht»thtT t/ 3 oi r afipeais depends upon wlicthci wc consider a linear 
oscillator or a spatial oscillator 
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All important point is that Kramers has sliown tliat his 
formula merges into the classical formula for the polarisation 
of the medium when the quantum numbers tend to infinity, 
just as all quantum processes should do. ITiis is in favour of 
the formula, whicli further contains only quantities which have 
by themselves a definite physical meaning, once the general 
postulates of the quantum tlicory arc accepted. So far no 
very important applications have been made of tlie formula, 
on account of the difficulties of calculating the quantities 
involved, but it has been accepted as a distinct advance in 
many quarters. It is given hero to indicate the direction in 
which the attempts arc bemg made, but the virtual o.scillator 
is clearly a provisional a.ssumption made for want of a proper 
understanding of the true mechanism which, as experimental 
results demand, must lead to so many features pecuhar to the 
wave theory. 

On the whole, it must be admitted that the quantum theory 
has done little in the way of elucidating the problems of dis- 
persion whicli meet the experimental physicist who wants to 
explain his results. 

The Theory o£ Bohr, Kramers and Slater. In reviewing 
briefly the quantum theory of dispersion we have .seen how the 
hypothesis of virtual oscillators, giving out energy steadily 
and continuously, whatever the quantum history of the atom 
with whicli they arc associated, has been introduced. This 
h 3 q 5 othcsis implicitly denies that the con.scrvation of energy 
and momentum hold for the atomic scattering process, for if 
an atom is put in a given .stationary state, on the quantum 
theory it has a fixed energy until the stationary state changes 
abruptly, but if it is radiating spherical waves all the time it 
must, apparently, be losing energy. The suggestion that the 
conservation of energy and momentum break down for atomic 
interchanges of certain kinds is not new O W Richardson in 
1916 tentatively suggested, for example, that the energy of the 
photoelectric electrons was not derived directly from the 
incident radiation, but represented a condition whicli deter- 
mined the disruption of matter under the stimulus of incident 
radiation. Sommerfeld, in discussing the general relation 
between wave theory and quantum tlieory, has also suggested 
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abandoning the conservation of energy for individual elementary 
radiation processes, and Darwin, in his theory of dispersion, 
was also led to assume that the law held statistically only. 
Experiment leaves no doubt that, when we handle matter m 
bulk, the conservation of energy and momentum holds, but it 
is open to us to assume, if we think fit, that the law is, like the 
second law of thermodynamics, a macroscopic manifestation. 

Bohr, Kramers and Slater have put forward a general theory 
which definitely dissociates the energy of the field of radiation 
from the energy of the atom, as far as a single atom is con- 
cerned, and treats tlic conservation of energy and momentum 
as statistical effects They make the assumption, first put 
forward by Slater, that an atom in a given stationary state can 
communicate energy effects to a distant atom by virtue of a 
field of radiation licforc it experiences a quantum switch, in 
contradistinction to the oiiginal hypothesis of the quantum 
theory, whicli asserts that an atom ejects radiant energy, in 
quanta, only when a switch takes place. They require, of 
course, the field of radiation, which they call a virtual field 
(presumably to soften the contradiction to all accepted prin- 
ciples which it expresses), to give the classical wave properties 
of interference and the allied phenomena as has been empha- 
sised, if we have atoms giving out spherical waves under the 
influence of an incident ladution, all the accepted consequences 
of the wave theory can be made to follow 

The essence of the new theory is as follows when an atom 
is put into a given e.xcited st.itionary state it is to be considered 
as immediately staiting to emit a .steady tram of spherical 
waves, and as eoiitimiing to do so until its stationary state 
cliaiiges. As far as this radiation is concerned, then, the atom 
IS replact'd by a virtn.il harmonic oscillator. The frequencies of 
these waves are the frequencies which correspond, by the funda- 
mental relation hv--K-K', to all the possible quantum jumps 
from that state thus if the atom is in the state corresponding 
to tlie first resonance potential it will emit a single mono- 
cliromatic radiation, but if it is in a higher state it will emit as 
many monocliromatic radiations as there are possible transi- 
tions When the quantum jump takes place the emission of 
one sot of monocliromatic radiations ceases, and the emission 
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of another set begins, unless the state to whidi tlic jump takes 
place be the basic state I'he continuous emission from an 
atom whidi is in a stationary state violates the conservation of 
energy. The conservation is preserved as a .statistical effect 
by introduang considerations of the probability of a quantum 
switch, for, takmg a single monodiromatic radiation of fre- 
quency V, if N be tlie (very large) number of jumjis from a 
state n to a state n' in a given time, then Nhv, the loss of 
energy, must equal the total energy of fiequency v radiated in 
tlie virtual field by all the atoms m that time. 'I'herc must, 
for a single atom, be a certain jiiobability qdt, which is ludc- 
peudent of the time, that a jumj) takes jilace within the time dt, 
and this nuust be so adjusted tiiat tlie energy of frequency v 
radiated continuously during tlie mean duration of tiic atom 
in a given stationary state n is eqiud to the pioduct of hv into 
tlie fraction of atoms whidi execute the jump n to 71', where 
v=E,^-E^^, That is, s qltv, where s is tlie eneigy given 
out continuously as virtual radiation m unit time Where 
several monodiromatic radiations are jiossible tlie individual 
atoms, on the virtual fidd theory, are emitting .simultaneously 
and continuously the v.uiou.s ficquencies, wlieieas a single atom 
can only perform one quantum jumj) the jnobabihty of a 
particular jump will be tlie greater the more intense the 
corresponding virtual laduitutn. With a given atom it is a 
matter of diauce winch paitieular ([uantum jump ocimus, just 
as for a particular ladioaetive atom it is, Inslly, a matter of 
chance when a di.siiilegialion takes jilace, .md, secondly, as l.ir 
as we know, when theie is a blanching it is .1 inattci ol eluince 
whidi dishitegration takes jihiee 

On the original quantum theoiy tliere was a causal connec- 
tion between the radiation tiansloimations in tlistant atoms. 
A given atom would diango its slation.iry st.ite ami emit a 
quantum of energy, which would eventually be ab.sorbed liy 
another atom, causmg a quantum switch to a higher energy 
state in that atom. ()n the liyiiothcsis of ]>ohr, Kramers and 
Slater there is no causal connection lietwei'ii the jump m one 
atom and that iiv another. An atom m a stationary state is 
accompanied by an emission of virtual radiation, which con- 
tnbutes to the creation of a field of radiation in the neigh- 
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bourhood of a scicond atom, and, as considered by Einstein, the 
probability of a qnantmn jump to a liigher state in tins second 
atom will be conditioned by the density of this field, but the 
jump takes place at a time which is not connected with the 
jumps in other atoms, and merely because the other atoms are 
in an excited stationary state, and not because they happen to 
be undergoing quantum cliangcs The two processes of 
radiation and of quantum switclies are taking place side by 
side, the field of virtual radiation looking after the classical 
wave-theory effects, and the quantum switches governing the 
frequency and the cneigy interdianges. The flow of energy 
and momentum by which the atoms produce all the interference 
phenomena is considered to arise from the virtual oscillators, 
while the discontinuous phenomena of the t 3 q)e of the photo- 
electric effect arc still governed by the accepted quantum 
theory. The radiation is continuous, but the gain and loss of 
energy by the atoms is discontinuous. The theory is scarcely 
an exjilanation of the difficulties which arise from the conflict- 
ing claims of the wave theory and the quantum theory, but 
ratluT a particulai way of classifying those difficulties, whidi 
was already adumbrated in our discussion of dispersion 
TJie failure oi the conservation of energy for atomic mter- 
changes is a conception which is repugnant, and the question 
must be a.ski'd as to wlietlicr the freedom which it gives for 
.spcculal iv(' theorising eonijiensates tor the lo.ss of a principle 
which has ])ioved of .sntli use even in considering single atomic 
piocc.s.scs 'I he consei valKtii of (Mieigy and of momentum 
have jiroved adi'cpi.ile to desciibe the collision of nuclei, where 
Blackett’s exjieiniients piovide .i drastic check. The experi- 
ments on the iinpael of elections on atoms which have estab- 
lislied tJie (‘xisteiice of c'lastic collisions, unaccompanied by 
radiation of any kind, when the energy of the incident electron 
is below a certain vahu', and of .sharp resonance and ionisation 
potentials, indicate th.it liere again we have very definite 
stationaiy .states whicli can only be dianged by the addition 
or loss of detormincd quantities of energy. Everything, then, 
goes to show that the method of interaction by virtual fidd 
po.stulatcd by Bohr, Kramers and Slater can only apply, if at 
all, to atoms at comparatively large distances from one another. 
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such as arc contemplated in the classical theory ol dispersion. 
We diall see later that expel imont has indicated still further 
limits to tlic possible validity of the liypothesis. 

We can now very briefly refer again to dispersion. Wlien the 
incident radiation has a frequency equal to that corresponding 
to a transition involving the. actual stationary state of the atom 
we have, on the llieory ol the virtual oscillator, to consider that 
there is a weakening oi tlic primary beam due to the secondary 
waves originating in these oscillators, winch, in this ease, have 
large amplitude and a jiliasc dillering by jr/a from that ol the 
primary wave, just as in the classical theory.* Correlated 
with this I0.SS of energy we have a gain of energy of the atoms 
due to their passage to higher stationary states, but the energy 
is not conserved for single atoms, but only for the process as a 
whole, the average energy ab.stractcd from the primary beam 
being equal to the average gain of energy of the atoms. When 
the frequency of the incident wave differs appreciably from 
that of tlic primary wave the frequency of the virtual oscillation 
is still that of the primary wave, but, owing to the phase dif- 
ference whicli exists in this case, the energy loss of the primary 
beam is negligible, although a diange of phase velocity takes 
place. (Dispersion in transparent substance.) The conserva- 
tion of momentum implies that when an atom absorbs energy 
and undergoc.s a quantum switch it must also acquire 
momentum, and receive a small pusli Tlic theory of liohr, 
Kramers and Slater insists that the conservation of 
momentum is also a matter of averages, so that the momentum 
acquired by the atoms m discrete amounts dm mg quantum 
changes averages out to equal the momentum lost by the 
incident radiation. As long as only atoms as a wliolc are con- 
sidered, passing from one stationary state to another, the 
energy involved in the small imimlses is negligible, owing to 
the large ma.ss of the atom Suppose, however, that we 
consider ionisation If the incident frequency is the ionisation 
frequency, the weakening of the pnmary beam through the 

•On the gencial thcoiy ol liansiiions iliic to ICmstcin thoio might be a 
reinforcing as well as a weakening, according *is the induced transition is in 
the direction of a dcciease or an incieasc of emergy of the atom. As m actual 
cases the great majority of the atoms is in tlio basic slate the reinfoicmg is 
not observed. Compare Kramers' dispeision formula. 
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meclianism of the virtual oscillators takes place as above, and 
there is a probabihty of ionisation, which looks after the energy 
balance. If, however, the hv of the primary beam exceeds the 
work of ionisation, then there must be a chance of the electron 
liberated acquiring a high velocity. In fact, if hv is very large 
compared to the energy of ionisation, there must be a chance 
of the electron acquiring all the momentum hvfc of the primary 
radiation. The view which Bohr, Kramers and Slater take of 
the interaction between radiation and free electrons is best 
considered after the discussion of the Compton effect, since 
the experimental observations involved in the effect are what 
any theory has to fit. 

Tlie natural breadth of the spectral lines, i.e the minute 
range of frequencies which is covered by a single line even when 
the broadening effects due to pressure and Doppler effect are 
eliminated, finds a ready expression in terms of the theory 
under consideration. The emission of the classical wavelet 
lasts for a finite time only, namely, the duration of the excited 
stationary state, so that a train of a finite number of waves, 
with a beginning and an end, must actually be considered. 
Since the duration of the stationary state is of the order io“® 
second, the wave-train for visible light comprises some five 
million wave-lengths To represent such a finite train by 
Fourier’s senes a .small range of frequencies is required, the 
range being of the order of the reciprocal of the duration of the 
stationary state. The sudden initiation and interruption of 
the virtual emission whicli is postulated leads, then, to a finite 
breadth of the spectral line It is, however, possible to account 
for the I'lnite breadth on general grounds, without the charac- 
teristic assumptions of the Bolir, Kramers, Slater theory. The 
quantum conditions which we have considered in Chapter X. 
apply to motions which arc multiply periodic, and unless the 
motions arc steady for an infinite time the quantum con- 
ditions are not really fulfilled. Now the interruption of the 
orbital motions is a feature of the quantum theory, and con- 
sequently tlic energies of the stationary states cannot really be 
determined with tlic .sharpness which has been assumed. The 
question of the so-called weak quantisation, which prevails 
when the orbital motion is not stnctly penodic, has been 
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ti<‘atccl by ICliiciifcsi and limit witli tlio lu'lj) of liu* oor- 
rcs]jon(l(’ii('(i ]»i innplo, whidi doaily doniands a small ranj'o 
of frcqut'iu'ios when an oibilal niotnm lias a beginning 
and an end, to mj)lii(a* each single frecpiency when the orbital 
motion is of inlinile dnialion. ICInenb'st, Tolman and Slater 
have considered the jjroblem in further detail. 

The Compton Effect. Wt; have* .s(!»‘n iJiat Uie so-called 
quantum theory of dispersion involves the a.ssuini)tion of 
virtual oseillatois emitting what are aetnally ela.s.sieal waves. 
We .still have, tlien, to lely iqxm the wave llieory foi a <[uanti- 
tative d(‘.scri])tion of many piojxTtU'S of radiation, h'or other 
puqjoses, however, it is moie ronvmiii'nt to eonsidiT radiation 
a.s consisting of diri'cteil bundh's of miergy hv, oi light darts 
Jim.stein’s relation between mass and miergy •' states that 
ma-ssyr® eneigy, so that, since the energy is ])io)ccted witJx 
velocity c, the momentum of the light dart, oi light quant, 
is hvjc. It IS consid(Te<l as being tlnsl oil like a bullet from 
the atomic gun, which recoils Kefeience to ICinstmn’s argu- 
ments in favour of tins conception fiom equilibrium radiation 
has been made at the beginning of the ehaiitm. 'I'lie light 
dart hypothesis is siqqioited by ])hotoelec,tric facts, while, 
fiiithcr, during th<‘ last few yeais a v(‘iy striking new ]>heno- 
mcnon has been disi'oveied which is stiongly in its f.ivonr 
This IS the Compton <‘(lecl, named aftei A. II Complon, to 
which casual lefeience has been made eailiei m the I)o(»k It 
is an e.\])eiinienlal obseiv-alion which has lec'eived .in easy 
interjiretation on the light dait hypotlu'sis, but, whati'ver the 
fate of the lattei, if tlie validity of the elh'i I be .idmitted (as, 
after many criticisms, it seems to bi' to day;, it lonstitiites an 
impoitant addition to oui sloik of ob.sei vatioii.d knowledge 

The .simple idea nndei lying the e\])eiiments is that, if a light 
quant be considised as a localiseil liimj) ])ossi‘ssmg eneigy hv 
and momentum /ir/i, when it stiikesan election it must mteiaet 
with it accoiding to laws analogous to thosi* goveining the 
collision of clastic bodies, the lesult of the mtm action being 
that the election acquiies a velocity, while, the light quant 
proceeds with diminished (‘iicrgy, a ml .so coriesiionds to a 
wave of lc.ssei frequency. 'I'o be ])rccisi‘, the coiusoivatioii of 

• Cf. ChiH.lor VII. 
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energy demands that the energy of the quant before collision 
shall equal the energy acqturcd by the electron plus the energy 
of tlic quant after collision, while the conservation of 
momentum demands («) that the momenta of the mcident 
quant, of tlie struck electron, and of the resultmg quant shall 
lie in one plane, (h) that the momentum of the electron shall 
make an angle (p, the momentum of the resulting quant an 



J)iaginmmatic icpicscnlation of the Compton cUect 


angle 0 with the direction of the incident quant, such that 
the added momenta ol electron and resulting quant, resolved 
in the direction of the incident quant, sliall equal the momentum 
of the incident quant, while the added momenta resolved 
normally to this incident quant shall be zero Making use of 
the relativistic cxjiressions for the mass and the kinetic 
energy of a paiticle, given on p 345, the energy equation is 
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where r' is the fieqnency of the scattered ladiation, while the 
equations of nionu'iilum aie 
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where v is the velocity of the electron after impact. 

We have here only three equations to determine the four 
quantities v, v' , 0, <p, so that they arc not all fixed : any angle 6 

A.S.A. ^ ^ 
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of scattering is possible, according to the impact parameter, 
whatever that may be for a light quant. We can obtain a 
relation between v', the frequency of the scattered quant, 
and 0 , the angle through whicli it is scattered, which is what 

we require. Let M =— • From (lo) we get, by simple 
manipulation, ' 
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while from (11) and (12), by squaring and adding, we have 

I+(-) (14) 

Equating the left-hand sides of (ij) and 
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or if v-v' = Av IS small, so that — is small comiiarcd with i, 

V 

* 2 )'® 

Ai>— — sin® fl/2 


or, A^--2.^„ sin® 0/2, (r6) 

where A,, - - - -0243 . 1 U. 

This equation gives the change m wave-length in terms of the 
angle of scattering. It further shows that, for a lixed angle, 
the change m wave-length is independent of the incident wave- 
length, or that the percentage cliangc m wave-length is 
inversely as tlie wave-length For very long wave-lengths 
the change is therefore negligible, or the classical theory 
holds, which is what we sliould expect for any quantum 
effect. The shorter the wave-length the more easily should 
the effect be detected. X-rays 01 y-rays are, then, indicated 
as the radiation best suited to furnish an experimental test 
of the theory. 
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Long before the quantum theory of scattering was discussed 
(t.c. in 1904) Eve observed that scattered y-rays were softer 
than the primary beam, and later Florance confirmed this, 
and showed that the scattered radiation becomes gradually 
less penetrating, as measured by its absorption in lead, the 
greater the angle which the direction of scattering makes with 
the primary beam. He further showed that whether carbon, 
aluminium, or zinc were used as scattering body the effect was 
much the same, and Gray obtained results which emphasised 
the fact that the quality of the scattered radiation is approxi- 
mately independent of the nature of the radiator. When in 
1922 Compton set out to detect experimentally the effect 
which he had predicted, he used as primary beam the radiation 
from an X-ray tube with a molybdenum anticathode, scattered 
it with graphite powder, and found that the scattered rays 
were more easily absorbed than the primary rays. He followed 
up these preliminary experiments by more accurate ones, in 
which the wave-length was measured by means of crystal 
reflexion, with the ordinary technique of X-ray spectroscopy. 
The arrangement is sliown m Fig no. Radiation from the 



C()in])lon’s expel inuMilal disposition 

tube T falls on the scattering body R, which is placed as close 
as possible to the anticalhode, since one of the experimental 
difliculties IS the low intensity of the scattered radiation A 
narrow beam of radiation scattered in a given direction is 
isolated by a suitable system of lead slits, and falls on the 
crystal C of the X-ray spectrometer. The reflected beam is 
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delected l>y tlic ionisation chamber. The same X-ruy spectro- 
meter is used to measure the wave-length o£ the primary 
radiation. With this arrangement Compton found that in 
the scattered radiation the Ka line of molybdenum (^=708 A.) 
was slightly displaced in the direction of increasing wave- 
length, and when the angle of scattering was 90®, as in Fig. no, 
the magnitude of the displacement proved to bo *022 A., 
whidhi agrees with equation (16), since 2 sin® O/2 is i in 
this case. 

Compton and Ross have carried out independently experiments 
upon the variation of the Compton sliift with angle of scattering 
0 , and verified the formula in tins respect. Ross was the first 
to replace the ionisation chamber by the photographic plate 
and obtain successful pictures of the Compton effect, and he 
was followed by Muller, who used the Ku radiation of silver, 
molybdenum and copper as pnmary radiation. A sliift of the 
correct magnitude was found in all cases. The cluef difficulty 
in obtaining photographs of tlie shift is due to the feebleness 
of the scattered radiation, which necessitates exposures of 
five hours or more, even with expert disposal of the apparatus. 
Certain doubt was at one time tlirown upon the reality of the 
Compton effect by Duane and otliers, but further experiment 
has led to the withdrawal of the cnticisms, and it may be 
definitely said that to-day tlierc is no doubt as to the existence 
of the effect as an experimental fact. 

According to the tlieory the Compton displacement should 
be independent of the nature of the scattering substance, since 
it is assumed to be due to interaction of the incident radiation 
with free * electrons Tlie following table, due to Ross, shows 
that this independence is an experimental fact, as has been 
also demonstrated by Muller, who used paraffin, glass and 
aluminium as scatterers. Tlie table also contains one or two 
measurements which confirm the dependence of the displace- 
ment on angle given by fonnula (16). 

0 is tlie angle of scattering, A A obs the Compton displace- 
ment experimentally observed, A A calc is the theoretical value 
given by formula (16), i.e. is 2A^ sin® O/2. 'Ihe quantity R in 
the last column will receive attention a little later on. 

* Or vciy loosely bound. See p. 693. 
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COMPTON EFFECT FOR VARIOUS SCATTERING SUBSTANCES. 


Scattcrer 

Piimary Radiation 

A in cms. x lo 

e 

AA obs. m 
cms X 10“ n 

AA calc in 
cms. X 

R 

Graphite 
Graphite 
Graphite 
Aluminium 
Aluminium - 
Sulphur - 
Copper - 
Silver - 
Load 

j- MoA’a, A, = 708 
MoA/},A= 03 o 
j- MoiiTa, A = 708 

30® 

60® 

90® 

90® 

90® 

90® 

90® 

90® 

90® 

3 ±i 
12-0 ± 1 

23- 6 ±'3 

24 > 4 ±‘i 

24- 2 ±-i 
24 0 ±*5 
24-4 ±-2 

23 8±*3 

24 0 ±‘2 

32 

12*2 

24-3 

24‘3 

24-3 

24*3 

24*3 

24-3 

24*3 

•2 

•95 

1-7 

•7 

I'O 

•29 

.32 

•21 

•024 


The scattered radiation which shows the Compton softening 
is always accompanied by scattered radiation of the same 
frequency as the primary radiation, i e. scattered radiation of 
the frequency to be anticipated on the classical theory. This 
might at first sight appear hard to reconcile with the simple 
theory of the Compton effect, but an explanation is not far to 
seek. In deduemg the formula we considered the mteraction 
of incident radiation with a free electron, by which we mean 
that tlie energy required to free the electron from any bindmg 
forces to whicli it may be subjected is very small compared to 
the energy of the incident radiation When X radiation, for 
which hv is largo, is used for tlie primary beam there must 
always be a large number of electrons for which this is true, and 
so wo get tlie Compton effect. There are also, however, very 
firmly bound electrons in the imier parts of the atom, and when 
the mcident radiation interacts with these its energy is insufti- 
cient to free them. In this case the electron is, then, bound 
up as one with the atom, and m the formula for A A 
must mean not the mass of the electron, but the mass of 
the atom. This is so great that only a vanishmgly small 
energy is communicated to the atom-electron system, and 
the radiation is scattered without change of wave-lengtii, 
or if for be substituted a mass some thousands of times 
that of the electron, A A becomes imperceptible. This accounts 
for the sharp line of unchanged frequency. Jauncey and 
others have modified the original theory in various ways, but 
there seems little doubt tliat some su^ explanation as that 
just offered is needed to account for the experimental facts. 
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If this explanation be accepted it is clear that the softer tlie 
primary radiation, and the heavier the scattering atom, the 
greater must be the intensity of the undisplaced line compared 
to the displaced line, since the number of electrons firmly 
bound with reference to the incident radiation is increased. In 
the table on p. 693 R denotes the ratio of the intensity of dis- 
placed line to undisplaced line, and it will be seen that, with a 
given incident radiation Moifa, the heavier the scattering atom 
tlie less marked is tlic intensity of tlic scattered radiation 
showmg the Compton displacement compared to tlic intensity 
of scattered radiation of primary frequency. Further, taking 
a given kind of scattering atom, aluminium, for whidi measure- 
ments with both Mo/va and TsioKfi arc shown, the harder the 
incident radiation the more pronounced the intensity of the 
radiation showing the Compton effect.' 

A further example of this general beliaviour is given by 
experiments carried out by Ross with visible light. Although 
the Compton change of wave-lengtli is small for measurements 
in the visible region, i.c. -024 A , it is well within the limits of 
observation with tlie refinements of modern spectroscopy, 
Ross scattered visible light witli a substance containing atoms 
of low atomic number, viz. paraffin-wax, but wa.s unable to 
detect the slightest diange of wave-length, and, indeed, if such 
an effect had existed it is very unlikely that it would not have 
forced itself into the notice of the professional spcctroscopists 
On the theory just outlined the absence of effect is explained 
by the length of the waves, for whidi hv is so small that even 
the weakest bound electrons can no longer be regarded as free, 
so that we must substitute the mass of the atom for the mass 
of the struck dectron, and A A, as given by (16), is of the order 
10"® A., and so imperceptible 

On the theory of the Compton effect, when a quantum of 
radiation strikes an electron the frequency of the scattered 
radiation is dianged by virtue of the fact that energy of trans- 
lation is communicated to the electron — we have what is called 
a recoil electron. The theory is strongly supported by the fact 
that such recoil dectrons have been detected, and, to a certain 
extent, quantitatively investigated. They were identified by 
C. T. R. Wilson and by Bothe on photographs of the ionisation 
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produced by a narrow beam of X-rays, taken by the Wilson 
method of the expansion chamber. Such photographs show 
not only long, irregularly curved tracks starting from the path 
of the beam, but also, m the path of the beam itself, certain 
very short tracks, which appear either as small dots or else as 
dots with a small tail C. T. R. Wilson refers to them as 
“ sphere,” " comma,” and " fisli ” tracks, according to the 
length of the small tail, the ” fish ” tracks being so called 
because, when the dots have a pronounced tail, and a number 
of them appear on the plate with tlicir tails pointing in the same 
direction, they resemble, to a fanciful eye, a shoal of small 
fishes. The tail of the fisli is directed towards the source. 

The long tracks can be attributed without hesitation to photo- 
electrons, which leave the atom with practically the full 
energy hv, since the work needed to free the electron from the 
atom is negligible their range agrees well witli this attribu- 
tion, as shown by C. T R. Wilson. Now the recoil electrons 
must always have an energy markedly less than hv. Taking, 
for instance, hard X-rays whose wave-length is ioAq = *243 A., or 

frequency is , wo have, from equation (15), ~ = ~ 

the radiation is scattered at light angles to the primary beam, 
or the energy communicated to the electron = -r') = /o'. 

If ^ = 0 and 0 = 180, i c. if the electrons arc thrown straight for- 
ward, the energy of the recoil electron is Ihv Now the range is 
roughly proportional to tJie fourth power of the velocity, or the 
square of the kinetic energy, so the range of the recoil electron 
must be very inucli smaller than that of the photoelectron, 
and must be greater wlien the electron is thrown straight for- 
ward than when it is thrown aside at a smaller angle to the 
primary beam. (lood qualitative agreement with theory can, 
then, be obtained by attributing sphere, comma, and fish 
tracks to the lecoil electrons the fish, which are the longest 
of the short tracks, have their tails towards the source of 
radiation, and so represent recoil electrons which have been 
thrown on in the forward direction. The large head of the 
fish is due to the fact tliat the ionisation increases as the 
velocity diminishes. The spheres represent electrons with very 
low initial velocity, thrown off at right angles, say, and the 
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conamas are intermediate cases. Quantitative agreement with 
the theory has also been obtained by careful investigation of 
photographs taken by the Wilson method. A. H. Compton and 
A. W. Simon, who call the long photoelectron tracks P tracks, 
and the short recoil tracks R tracks, have, by measuring the 
R tracks, roughly confirmed the theoretical relation between 
range and angle at whidi the recoil electron is disdiarged. 
Further, using as primary beam homogeneous radiation, .whose 
wave-length varied m diTferent experiments from -13 to 71 A , 
they have shown that the ratio of the number of R to the 
number of P tracks incrca.ses rapidly as the wave-length i<? 
diminished, whidi is just wlnit we .sliould expect from the 
theory of the Compton effect here expounded Otlier quanti- 
tative confirmation of the Compton theory of recoil electrons 
has been furnislicd by Bothe, who devised an ionisation motliod 
of measuring the maximum component of the range of recoil 
electrons normal to the primary beam. Tlic velocity deduced 
from the range so measured agreed well with the theoretical 
values. There is, then, a large body of experimental evidence, 
firstly to show that the scattered radiation is softened and loses 
energy in the way deduced in the simjile impact theory, and 
secondly to show that the struck electron gains energy as 
predicted by the theory, the variation of the clfcct with angle, 
with scattering substance, and with wave-length all agreeing 
well with the theoretical arguments The light qtiant docs, 
then, in this class of phenomenon, behave as if it were a little 
localised lump of energy travelling in a straight hue. 

It is, however, possible to give an account of the Compton 
effect on the hypothesis of Bohr, Kramers and Slater, and as 
the explanation offered has been made the occasion of a critical 
experimental test of the hypotlicsis it is of some importance to 
consider it. On the classical theory of tlie Doppler effect, we 
have for a source of radiation moving with a velocity v=(ic, 


Vf^=V - 


,i -/? cos 0 

where is the tnic frequency of the source, as measured by an 
observer moving with it, and v' is the frequency of tlic radiation 
(as seen by an observer at rest) proceeding in a direction making 
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an angle 0 with the path of the source. If v is the frequency as 
seen by an observer at rest situated in the line of motion of the 
source, 






Hence 


-/? cos 0 


I . . 0 ' 
-^2 sm®- 
■jS 2 


Equation (15) gives tlic ratio of tlic frequencies as seen by an 
observer looking obliquely at an angle 6 and looking along the 
direction of propagation of the incident radiation respectively, 
as deduced from the light dart hypothesis. It agrees with (17) if 

(i _v _ hv 

whence v-f}c = , — (18) 

A source of radiation moving with the velocity v will give 
exactly the same climinislied frequency for an observer looking 
at an angle 0 to the direction of travel, as compared to an 
observer looking straiglit at the source along the line of travel, 
as does the light dart hypothesis 

Bohr, Kramers and Slater assume that the scattering of the 
incident radiation by “ free ” electrons takes place continuously, 
every electron emitting coherent spherical wavelets. These 
wavelets behave classically as if emitted by an electron moving 
in llie direction of the primary radiation with velocity v, 
depending on the frequency of the primary wave m the way 
given by equation (18), and hence the softenmg of the scattered 
radiation will agree with that experimentally found by 
Compton. There is, however, no suggestion that the free 
electron actually moves forward with the velocity v . rather 
we are asked to make the assumption that the virtual oscillator 
emitting the classical wavelets can be in a different place from 
the electron with whidi it originated * Associated with the 

^ l*iesiiin*ibly if incident ladiation fioni more tlxan one diicction falls on a 
ficc electron the vutual oscillatoi can albo be in several places at once, none of 
them that of the election 1 
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scattering of the radiation is a certain probability that the real 
electron wall acquire a momentum in a given direction, there 
being no causal connection in this case any more than in the 
general theory of Bohr, Kramers and Slater. We assume a 
statistical, but not an atomic, conservation of momentum. 
There is no continuous transfer of momentaim from the radia- 
tion to the electron, nor is there a sudden transference of 
momentum from a light quant to an electron, but there is a 
coiitinuous classical scattering of a paradoxical type, accom- 
panied by a probability, whidx can be calculated, that an 
electron shall acquire a momentum in a given direction 0. 

Now Botlie and Geiger pointed out that this aspect of the 
theory. was capable of an experimental test, whidx they sub- 
sequently earned out. If there is a causal connection between 
the scattering of a quant of radiation of modified frequency 
and the communication of momentum to an electron, and if 
the scattered radiation be allowed to fall upon matter, produc- 
ing a photoelectron, then the emission of this photoelcctron 
will occur simultaneously witlx tlxe recoil of the free electron. 
On the theory of Bohr, Kramers and Slater, however, the 
scattered radiation is emitted continuously, and if it fall upon 
matter it will produce photoclcctron.s, the number of which is 
on the average the same as on tlxe causal tlicory, but there will 
be no relation in time between the emission of the recoil electron 
in the primary beam, and the emission of the photoelcctron. 
The two processes will occur independently of one another. 
Hence if it be experimentally possible to detect the moment at 
which the electrons of the two kinds are emitted we luivc a 
crucial test 

Now the ionisation produced by tlxe passage of a single 
electron can be detected by a needle-point counter, of the type 
originally devised by Rutherford and Geiger for counting a 
particles. Bothe and Geiger passed a narrow beam of X-rays 
through hydrogen, and employed two point counters, one 
adapted to detect the passage of the recoil electron, and the 
other to detect the scattered radiation. The apparatus is 
represented in Fig. iii. 'llie primary beam is indicated by 
hv it passes between tlxe two pomt counters, one of which is 
open on the side turned towards the beam, while the other is 



WAVE THEORY AND QUANTUM THEORY 699 

closed with a platinum foil o-02 mm. thick. This latter counter 
is therefore protected from recoil electrons, hut detects photo- 
electrons liberated by the scattered radiation from the inner 
side of tlie foil, and is therefore called the hv' counter : the 
open counter delects recoil electrons. We cannot, of course 
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expect as many throws m the electrometer connected with the 
hv' counter as with tlie c counter, since only a small fraction 
of the scattered radiation releases photoclcctrons The point 
ot the experiment is to dctcnninc whether the observed hv' 
tlirows coincide with c tlirows, or wJictlicr there is no correlation 
between the two phenomena. 

Bothe and Cleiger found that every eleventh hv' throw 
coincided with (; c occurred within a small arbitrary time 
interval of) an c thiow I'alciilation .showed that a very much 
smaller number of sucli coincidences was to be expected if 
there were no correlation, as demanded by the hypothesis of 
Bohr, Kramers and Slater, while, if the inevitable imperfections 
of the recording conditions be taken into account, the agree- 
ment with the hypothesis that scattered quant and recoil 
electrons are causally connected is satisfactory 

A H. Compton and Simon have investigated the same 
question with tlic Wilson cloud chamber, and obtained coinci- 
dences lietwccn recoil tracks and secondary /? ray tracks 
produced by the scattered radiation in such numbers that the 
probabihty of their being due to chance was about 1 / 250 - We 
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may say, then, that tixe Bohr, Kramers, Slater theory of the 
Compton effect seems to be definitely put out of court by 
experiment, and with it the whole statistical view of radiation 
and quantum changes is seriously compromised. On the 
other hand, the theory of the light quant, on whiclx the con- 
siderations given at the beginning of this section were 
founded, seems to be satisfactory as far as its ai>plications 
in this limited field arc concerned. 
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CHAPTER XIX 

CONCLUDING K KM AUKS 

The advances of knowledge which we have attempted to 
describe are the direct result of a series of remarkable develop- 
ments of experimental technique. The future historian of 
science will probably record as one of the outstanding features 
of the period in which we live the ability, so rai^idly acquired 
during the last decade or so, to deal with single atoms 
and small numbers of atoms. The methods of a-ray counting, 
of a-ray scattering and of a-ray analysis developed by Ruther- 
ford and his school, the ionisation tracks of C. T. R. Wilson, 
the mass ray technique devised by Aston represent a funda- 
mentally new class of investigations. At tlic same time, the 
analysis of X-ray spectra by the crystal diffraction grating, 
initiated by Lauc and immediately turned to account by W. H. 
and W. L. Bragg and by Moseley, has provided a power- 
ful instrument for the investigation of the inner structure of 
the atom. The rapid improvement in methods of measuring 
the critical potentials, the importance of which was first 
emphasised by Lcnard, has afforded essential information as 
to the forces by wluch the outer electrons aie held, and 
definitely proved the existence of stationaiy states. The 
developments of higli vacuum teclmiquc have ic'iidered prac- 
ticable the study of the behaviour of atoms wlieii tiaversing 
long paths uninterrupted by collisions The physicist who 
looks back fifteen years cannot but be im]ircsse(l by the con- 
fidence with which wc now attack problems then scarcely put 
forward as capable ol solution. We should not be depressed 
by a limited success in certain branches of a subject in which, 
at a period within the lifetime of the youngest investigator, 
any success at all would have been unexpected. 
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From the theoretical standpomt the enunciation and rapid 
development of the quantum theory has played a leading part. 
Since the day when it weis originally propounded by Planck 
it has shown a perhaps unexpected power of expressing the 
energy relations which govern the transformation of radiations 
of all frequencies. In particular the fundamental hypothesis 
expressed by the formula E=hv has been experimentally 
confirmed over a very wide range, both as regards the energy 
imparted to an electron by a radiation of given frequency, 
and, vice versa, the frequency of the radiation excited by an 
electron of given energy. It holds for the ordinary photoelectric 
effect, where the electron has a vdocity of a few volts, and, 
through a range of mtermediate velocities, also for the electrons 
hberated by the y rays, where the velocities are of the order of 
a hundred thousand volts. In this general field it commands 
such confidence that it is now used for measuring frequencies. 
Bohr’s extension of the quantum relationship to connect a 
frequency of radiation with a transition between stationary 
states of the atom dominates the modern theory of spectra 
Together with the theory of relativity, which is also mvolved in 
the tlieory of spectra, the quantum theory represents that 
departure from classical electrodynamics which characterises 
tlie recent attacks on the complex problems connected with the 
different aspects of radiation, but, whereas the theory of 
relativity, although born of experiment, can be argued as a 
matter of logical necessity, the quantum theory has no justifica- 
tion but its success, and actually cannot be reconciled with 
certain wave phenomena, sucli as interference It represents 
a postulate beyond winch, at present, we cannot see , and all 
we can do is to be profoundly thankful that so far the elephan- 
tine philosophers have not offered to help us hatch out our 
quantic egg 

The book has been divided into two parts, the first dealing 
with the nuclear theory m general, and the second with the 
more particular problem of the arrangement of the extranuclear 
electrons. The cxpenmental work described in Chapters II. 
to VI. has given results as to the interpretation of which there 
is little divergence of opinion. The calculations involved are, 
for the most part, of a comparatively simple nature, and based 
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upon the familiar laws of classical mechanics and electro- 
dynamics. It is particularly to bo remarked, in view of the 
persistency with which the validity of all these laws is ques- 
tioned where subatomic phenomena are concerned, that the 
inverse square law has been abundantly proved to hold for the 
repulsive force between nuclei, except they be very close. As 
the result of the work in question it is established as firmly as 
most of the conclusions in physics that the atom has a nuclear 
structure ; that the net positive charge of the nucleus is equal 
to the atomic number, and determines the chemical and optical 
properties of the atom ; that the mass is concentrated in the 
nucleus, and may be changed without alteration of the charge, 
while the charge can be changed without appreciably altering 
the mass. The conception of isotopes and isobares introduced 
in this connection has cleared up the question of fractional 
atomic weights, and brought with it far-reaching simplifications, 
especially in connection witli tlie radioactive elements. How- 
ever, experimental work now in progress both on the close 
collisions between nuclei and on the non-integral mass numbers 
of certain isotopes may show tliat the simple laws of the nucleus 
expounded in this book icquire diastic modification if they are 
to account for these phenomena. 

The nuclear theory has made such progress, and the nucleus 
itself is so well established an entity that, as we have seen, 
investigations and speculations as to its structure arc already 
plentiful. ITie size of the nucleus has been determmed by 
Rutherford and his school in a variety of experiments which 
lead to consistent results. We know that the nucleus contains 
protons and electrons, and can estimate the number of each 
in a given nucleus , that the heUum nucleus, consisting of four 
protons and two electrons, forms a particularly stable group, 
which probably lakes part as a whole in the structure of the 
nucleus ; and, further, that there are comparatively loosely- 
held protons which can be struck off from the nucleus of the 
atom of certain elements by swift a particles. The question, 
however, of the arrangement and conditions of motion of these 
nuclear components is bound up with immense diffiailties. 
Whereas in the disaission of extranuclear phenomena it is 
possible to treat nucleus and electrons as point charges, owing 
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to the very open structure of the atom, we are confronted with 
the seeming paradox that, while the general nucleus contains 
some tens of electrons, its size is of the same order as that of a 
single electron. In this connection it must always be 
remembered that neither the size of the nucleus nor the size 
of an dectron is as definite a quantity as the size of, say, a 
billiard ball. There is a tendency to think of the size of the 
electron as the more certam of the two, because we have been 
talking about it longer, but, if we are to institute a comparison, 
the reverse is probably true. Size is usually estimated by a 
sphere of impenetrabihty : thus the size of the billiard ball is 
measured as the size of a sphere impenetrable to the callipers,* 
and the size of a gas molecule as the sphere impenetrable to 
another gas molecule. In other words, there is an abrupt 
change in the law of force between the test body and the body 
to be measured which takes place when the distance between 
the two is reduced to a certain magnitude : when this change 
+gkfts place we say that the bodies are touching, and measure 
the size accordingly. Now the size of the nucleus has been 
measured as the distance withm which a very swift a particle 
can approach it without deforming the shape of the nucleus, 
or, to use the other method of expression, which corresponds 
more closely to what is actually observed in this case, the 
distance within which it can approach without causing marked 
departure from the inverse square law This determmation 
falls into hne with other determinations of size. The size of the 
electron, however, has been taken as the size of the sphere on 
which the electnc charge must be concentrated m order to give 
the observed mass electromagneticaUy f : we have no experi- 
mental evidence as to the way in which the force close to the 
electron varies with distance, or, m other words, as to the 
distance at which an electron ceases to act as a point charge. 
Our estimate of its size is, then, much more artificial than that 

* By great pleasure the points of the callipers may be brought closer together 
the sphere is then said to be deformed Cf the case of the a particle and 
nucleus. 

■j The size vanes according to the distribution assumed for the charge 
thus that deduced on the supposition that the charge is uniformly distnbuted 
over the surface (Lcrenlz electron) difiers from that deduced on the assumption 
of a volume charge (Abraham electron). For our point of view, however, the 
difiEerence is insignificant 
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made for the nucleus, since, in reaching it, we make assump- 
tions which can resemble the physical truth only very remotely. 
It is true that this comparison does not take us much further, 
but it may serve to emphasise the fact that we know absolutely 
nothing of the behaviour of electrons when very close to one 
another. As to the size of the proton, if we determine it in the 
same way as that of the electron it comes out two thousand 
times smaller than the electron. We have, then, in a heavy 
nucleus a very large number of mobile centres of force acting 
on one another according to an unknown law of force, of which 
the most definite thing that we can say is that it is extremely 
unlikely to be the inverse square law. All that we can attempt 
at present with such a system is to obtain some rough general 
laws by extending our experimental knowledge. This we may 
well hope to do by examining more closely the a rays, and those 
particular j8 and y rays which come from the nucleus itself ; 
but unfortunately the only atoms from which we get a nuclear 
radiation arc the very heavy, and so most complex, ones. A 
first step has been made by Ellis, who has. shown that the 
frequencies of the very penetratmg y rays can be expressed as 
the differences of terms, which, if the quantum law E=hv 
holds withm the nucleus, can be interpreted in terms of energy 
levels. At present, however, we know far too little of the 
behaviour of elementary charges in such close proximity, of 
the conditions for stabiUty, and the connection between motion 
and radiation to hope to make a model of very definite structure. 
The only rules whicli have been put forward to account for the 
relative nuclear stabilities of the lighter atoms arc tentative 
generalisations from the relative stabihtics of the different 
radioactive atoms 

The radiations of tlic nucleus arc spontaneous, and cannot 
be influenced by laboratory agents. Wlien we turn to the 
extranuclear structure we enter a region whicli is miicli more 
accessible to experiment. Tlie radiations from it undergo 
abrupt changes with different mtensities of excitation they 
are, in the optical case, modified in a continuous fashion by 
steady external electric and magnetic fields . we have further 
the behaviour of the atom under very rapidly alternating 
electric fields, as exemplified m optical dispersion, to consider. 
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There is available a vast body of empirical results by which to 
control any theory. Bohr’s theory of orbits which obey the 
laws of classical mechanics, although the frequency of the 
radiation is derived from them by a formula which constitutes 
a denial of all classical laws, has, during the past twelve years, 
been searchmgly investigated from all points of view by a body 
of brilliant mathematicians, especially of the German school, 
with the object of discovering how far it can describe the facts 
of optical and X-ray radiation. The theory has satisfactorily 
accounted for the Ime spectrum of hydrogen and of ionised 
helium, and for the Stark effect in such atoms (the normal 
Zeeman effect has also been satisfactorily covered, but was 
already described by the old theory), but even with these 
simple structures the problem of steady electric and magnetic 
field of different directions simultaneously applied, the so-called 
problem of crossed fields, has given rise to grave difficulties, 
which led Heisenberg to suggest that the methods of classical 
mechanics are not applicable to the calculation of orbits in 
this case. As regards the problem of the general atom, we 
have seen that Bohr has successfully derived the Rydberg and 
Ritz formulae from the general orbital theory, and has 
elaborated a half empirical scheme, which is mtuitive rather 
than mathematical, to connect the general chemical and 
physical periodic properties with the spectra of the atomic 
radiations The services of Stoner and Main Smith m extend- 
ing this scheme have been noted. A brilhant confirmation of 
the theory, as far as the existence of stationary states is con- 
cerned, has been furnished by the experiments on critical 
potentials, and the general theory of stationary states has been 
utilised by Einstein for statistical considerations leading to 
Planck’s radiation formula The quantum theory of orbits 
has, however, signally failed to give an accurate quantitative 
description of the spectrum of neutral hehum, and of all heavier 
atoms, although a satisfactory numerical representation of the 
broad features ot certain simple spectra, notably those of the 
alkali metals, has been worked out. 

Against this we have to set Sommerfeld’s calculation of the 
relativity doublet, which, in spite of the obstacles in the 
way of reconciling it with other features of the orbital 



708 STRUCTUllK OF THE ATOM 

scheme, gives so detailed a quantitative agreement that it 
still seems strange to believe that it can be founded on 
illusion, as appears from the standpoint of tlie new mechanics. 
The difficulties summarised in the conflict between inclination 
hypothesis and relativity hypothesis as an explanation of 
features of the multiplet structure are, however, merely charac- 
teristic of the troubles in which we find ourselves as soon as 
we attempt to explain the finer features of general spectra, 
among which the anomalous Zeeman effect and the Paschen- 
Back effect occupy a prominent place. Non-integral quantum 
numbers, quantum numbers whoso significance in tlic orbit 
model is ambiguous, four quantum numbers to cliaracterise 
an electron with three degrees of freedom have all forced 
themselves upon us. Tlic truly mechanical features of the 
orbit scheme (speaking from the standpoint of classical 
mechanics) have retreated further and further into the back- 
ground, and the willingness of the theoretical physicists to 
sacrifice dynamical sanity for the temporary description of an 
empirical rule has been occasionally bewildering. The 
quantum theory has become, in its higher branches, a 
collection of numerical receipts, to which a superficial 
resemblance to a coherent mathematical theory has been 
given to hide their ad hoc character. 'Hie difficulty of 
understanding them is not mathematical, but fundamental. 
Some of the rules recall irrc.sistibly the teaching of the 
alchemists, or the witches' kitchen in Fanst 
The quantum theory of spectra as originally formulated by 
Bohr concerned itself solely with frequencies of line .spectra, 
and did not attempt to describe intensities or polarisations 
It may, perhaps, even be said that the theory is due to the 
accident that we have long been able to measure frequencies 
very accurately, while the measurement of intensities is a 
technique of recent growth, which is still far from approaching 
the precision of frequency measurements There is nothing in 
the empincal intensities which can count as a confirmation of 
the fundamental features of the quantum theory. They have 
been brought within its scope by the correspondence prinaple, 
which shows how the classical theory — ^which connects 
intensities very simply with the electric moment of the electron 
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In its orbit — can be made to agree with the quantum theory in 
a limiting case, and then extending the results to the general 
case In dealing with intensities, then, we lean heavily upon 
the classical theory, but, as we have seen in the preceding 
chapter, in dealmg with dispersion we have to lean still more 
heavily. Historically we may say that the first mstinctive 
revulsion at the unreasonable character of the quantum theory 
of spectra, with its non-radiating orbits, the first incredulity, 
was followed by a belief in the infalhbility of the theory as a 
method of attacking all spectral problems. The accumulation 
of facts which can only be explained by fanciful distortions is, 
however, leadmg to a conclusion that some at least of the 
fundamental postulates must be abandoned or drastically 
changed. 

While, then, the theory of orbits governed by mechanical 
laws has led to many striking quantitative results which it 
would be ungrateful to minimise, it has in the end brought us 
into a wilderness which, m spite of the most assiduous cultiva- 
tion, has failed to yield the anticipated crop of fruitful relations. 
The theory of stationary states, and the frequency rule 
hv=E -E' have, however, retained their vahdity throughout. 
They are, in fact, expressions of relations which are capable of 
direct experimental verification, and which have actually been 
confirmed in many directions The orbit hypothesis, however, 
designed to enable the energy of the stationary states to be 
calculated, is in a different class, for so far no one has been 
able even to suggest a way in which it might be experimentally 
tested It demands an electron executing a multiply periodic 
motion under the influence of the laws of classical mechanics, 
and, now that we know its insufficiency, we may say that it 
would have been astonisliing if it had proved of universal 
application, considermg that the frequency conditions with 
which it is involved represent so definite a break with classical 
mechanics. The stationary states and the frequency condition 
are compatible with any mechanism for determining the energy 
of the stationary states, and by no means mevitably demand 
the Bohr orbits. Recently, therefore, the question has arisen 
as to whether we cannot get rid of the orbits altogether, and 
devise some other method for deriving the frequencies, and also 
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the intensities and polarisations, whidi on Bohr’s theory are 
deduced from the orbital motion itself by application of the 
correspondence principle A plan for doing this has been put 
forward in the “ new ” quantum medianics of Heisenberg, to 
which incidental reference has been made in the latter part of 
this book. It has been extended by Born and Jordan, and by 
Dirac, and has paved the way for new developments wliich 
are likely to exercise a profound influence on atomic theory. 
It appeared too recently for a proper discussion to be included 
in the body of the book, but it can hardly be passed over in 
these concluding remarks without a word as to its scope and 
significance. 

The plan with which Heisenberg started out was to avoid the 
use of conceptions which arc not subject to direct experimental 
control, sudi as position, phase and period of a circulating 
electron. The general standpoint adopted may be illustrated 
by a reference to the nature of thermodynamic theory. In 
thermodynamics we make no appeal to atomic macliinery, 
but deal only with quantities which can be experimentally 
observed, su(± as energy, pressure, temperature and volume. 
In the early days of the science it might well have been argued 
(and was, m fact, maintained by Ostwald as late as the begin- 
ning of the present century) that we could never possibly get 
any direct experimental evidence of the existence of atoms, 
and that therefore we should dispense with the atomic 
h3rpothesis and throw back everything upon considerations of 
energy, which is an experimental quantity Again, in the 
theory of relativity, Einstein renounced all the macliinery of a 
hypothetical ether with mechanical properties which no 
experiment could detect, and the intuitive conception of 
simultaneity, and reduced everything to quantities capable, in 
their nature, of direct mca.surcmcnt We see, then, that the 
revolt from a macliinery out of range of experimental control, 
constructed to afford relations between quantities which are 
measurable, has taken place before m the history of science, 
and has led to powerful methods whicli are of general apphea- 
tion. The example of thermodjmamics should warn us, how- 
ever, against asserting too confidently that the mechanism of 
electron orbits is essentially outside the range of direct observa- 
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tion, for the atomic mechanism with which it dispensed has, 
since the days when the theory was built up, been directly 
verified by such experiments as those on the Brownian 
movement. 

Heisenberg is, then, concerned to discover a mathematical 
machinery which shall connect with one another the empirical 
quantities, such as frequencies, intensities, and energies of 
stationary states, without making use of electron orbits. He 
employs, in effect, the conception of virtual osdUators, which 
we discussed in the preceding chapter, each one of which has a 
frequency conditioned by two quantum numbers pertaining to 
stationary states, given by the Bohr relation hv[m, n)=E^- E^. 
The frequencies of the collection of oscillators corresponding to 
a series of values of m and n are not, in consequence, harmonics 
{i.e. integral multiples of a fundamental frequency), but obey 
the combination law of Ritz. Corresponding to a quantum 
oscillator will be a whole battery — or orchestra, to use a more 
melodious term — of virtual oscillators which are collected 
together as a manifold expressing all possible states of the 
given atomic system, and rules have to be found for manipulat- 
ing these manifolds In the form given to the theory by Bom, 
Heisenberg and Jordan these manifolds are matrices which 
obey the addition and multiplication laws of such arrays The 
commutative law of multiplication does not hold for these 
quantities, and this fact is utilised in mtroducmg the quantum 
constant h into tlie formulae. The problem is to find the 
energies of the stationary states witliout using any mechanical 
model to give a dynamical picture corresponding to our classical 
orchestra A matrix p and another matrix q are formed from 
the collection of classical oscillators, and a special meclianism, 
made as analogous as possible to that of ordinary Hamiltonian 
mechanics, is devised for the calculation of the energies The 
correspondence principle is not a supplementary concept to 
the new quantum tlicory, but is, rather, embodied in it. These 
few words can, of course, give no satisfactory idea of the new 
theory, but may, perhaps, sufiice to indicate both its strength 
and its weakness. Its strength is that it operates with mani- 
folds which represent directly the observed radiation, and not 
with ^’s and q’s which belong to hypothetical electron orbits. 
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aad that the quantum conditions arc an organic part of the 
mechanics, and not limitations added as an afterthoiight, as it 
were. Its weakness is that we have no geometrical or 
mechanical picture of what is going on to make the problem 
resemble those to whidi we arc accustomed, and diat the 
mathematical madiincry is difficult to operate, at a^ 
rate'fof those who, l ike the present writer, are new to it. We 
can only rely oh custom to reconcile us to what now appears 
awkward and strange. Tlic qtiantum condition hv=li-E', 
which we now handle so freely and whidi is heard from the 
lips of babes, seemed .strange, if not revolting, at first, and we 
think lliat wo understand it now only bccau.se time has rendered 
it familiar. 

The new quantum theory is .still on its trial, but it has 
started off witli considerable adiicvcments, just as did 
the old. The difficulties of the half integral quantum num- 
bers do not occur with it • the theory decides of itself, and 
rightly, whether a quantum number is to be integral or half 
integral. The dispersion theory of Kramers falls naturally 
within its scope, as even the little that has been said here 
would indicate. Pauli has succeeded in deducing the formula 
for the Balmer senes, the Stark effect, and the fine stnicture 
from the new theory. As regards the anomalous Zeeman 
effect and multiplcl structure, nothing can be done as long as 
the electron is considered as having only three degrees of 
freedom. If, however, the spinning electron of Uhlenbeck and 
Goudsmit be introduced, possessing itself mechanical and 
magnetic moment, the ratio of which is double as great 
as it is for tlic atom itself, then the new mechanics can 
give an account of the features ]ust cited. Mucli may be 
hoped from the combination of spinning electron and new 
mechanics, but so far the .spcctnim of neutral helium awaits 
calculation. 

Still more recently Schrodinger has put forward a theory of 
atomic mechanics whidi is based on ideas of L. de Broglie’s 
concerning the theory of groups of waves. It is far too difficult 
to be discussed at this stage, but those few who profess to be 
conversant with it seem to hold high hopes of its future 
performance. 
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As regards the problems of chemical combiiaation, it is 
satisfactory to note that the modified Bohr scheme of grouping 
electrons into assemblies characterised by three quantum 
numbers, which was derived by Main Smith from diemical 
considerations, agrees exactly with that deduced by Stoner 
from evidence mainly of a physical character. We have further 
noted Sidgwick's attempt to explain co-ordination compounds 
in terms of the incompleted inner groups of Bohr’s scheme. 
Consideration of the facts of chemical combination has, how- 
ever, failed to throw light on details of atomic structure, as 
distinct from the general ordering of electrons into different 
classes. Two rival schemes of atomic structure have been used 
to discuss chemical problems, which are generally spoken of as 
the static and the dynamic model, but as long as arguments are 
simply based on the numbers of electrons in different classes of 
sub-groups, and the stage of atomic development at which 
given sub-groups are initiated and completed, it is clearly a 
matter of indifference whether the electrons be thought of as 
moving or at rest, provided that certain combining properties 
are associated with certain stages of group development. 
When the static atom of Lewis and Langmuir was first put 
forward it was hailed with enthusiasm by the chemists its 
placid and unchanging external cubical faces seemed to promise 
a solution of their troubles. The fact that it could be cut out 
of cardboard was a source of solid comfort. The conception of 
electron sharing, to which it so readily lent itself, certainly 
worked well for many simple inorganic salts, but it can scarcely 
be claimed to apply to the majority of inorganic compounds. 
The organic chemists do not appear to have found in it that 
unifying principle which is so much to be desired. Incidentally, 
electron sharing in itself does not necessanly imply a static 
model ; as long as it is merely a qualitative conception we can 
think instead of an electron orbit embracing two nuclei in 
some way or other, or simply speak of shared electrons without 
defining how they are shared. There can, in fact, be no real 
conflict between the static and the dynamic model until the 
two different theories are in a position to make predictions 
which are different in the two cases, and no decision until such 
predictions can be put to an experimental test. At present 
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neither theory (nor any of the various modified theones ot the 
organic chemists) seems to be able to make any definite decision 
as to what combination phenomena are to be expected unless 
the result is known befordiand, and when this is the case all 
theories seem, in tlie hands of their supporters, equally suc- 
cessful in predicting it Wliat has recommended the dynamic 
atom to the physicist is its quantitative acliievement, which is 
definite though limited in scope. As long as we cannot cal- 
culate orbits for an atom disturbed by the near presence of 
another atom, with anotlier nucleus, little is to be expected 
from it in the way of description of chemical combination. 
The electron tlieory of chemistry, it must be confessed, has not 
so far had any strilang successes of tlic first order to record. 

We have noted tliat it looks as if the conception of electron 
orbits is to assume less importance in the future quantum 
theory of spectra. The energy of the stationary states retains, 
however, its fundamental importance. It is possible that in 
the chemistry of tlie future we shall not lay much stress upon 
the positions of tlie electrons, but operate with the energies of 
stationary states, and reduce aU questions of chemical com- 
bination to a brancli of thermodynamics Tlie work of Gnmm 
and Sommerfeld oflcrs an early example of a way in whidi this 
may be done 

The study of the structure of the atom is in its first youth, a 
period of vigorous achievement, when too much introspection 
IS imhealthy. Wlule fresh knowledge is being so rapidly won 
by repeated experiment, both m the laboratory and the study 
— for the mathematician is experimenting just as much as the 
practical physicist ; the disciple of the quantum theory has to 
^cover his prmciples empirically, and justify them by trial — 
we should not be too much disturbed by a certain lack of logic, 
a certain hastiness and enthusiastic dogmatism which charac- 
terises the views put forward in some quarters. We may well, 
in our rapid advance, leave behind us unsolved difficulties, to 
be dealt with at leisure. After the ebullient activity of the 
present time will come a period of comparative rest and reflec- 
tion, when the results won will be more carefully ordered than 
is now possible, and will receive that certificate of respectabflity 
which is conferred, late in life, by the text-book writer, with 
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his lie varietur. Some difficulties •will be explamed away, 
others we shall thiak of as explained, because we have become 
reconciled to their continued existence. Whatever may be 
the fate of the theories which have been so inadequately exposed 
in this book, whatever modifications or mishaps they may 
meet, the experimental facts which led to their formation, and 
those others to whose discovery •they in their turn gave rise, 
will remain as definite knowledge, to form a lasting ornament 
to an age otherwise rich in manifold disaster and •variety of 
e^vil change. 
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APPENDIX I 

ABSORPTION AND DIMINUTION OF VELOCITY OF 
CATHODE RAYS. 

Since there is sometimes confusion on the subject of absorption 
and diminution of velocity of cathode rays passing through a 
given thickness of matter, a scries of curves (Figs. 112, 113 
and 1 14) is here offered which expresses (i) the reduction of 
intensity (intensity being defined as the number of electrons 
per second which fall on unit area set normal to the direction 
of the rays) which takes place on passage through various 
thicknesses of aluminium, and (2) the reduction of velocity. 

Each separate curve starts at the top of the diagram with a 
value of the intensity arbitrarily taken as i, and a velocity 
indicated by a value of v Tlie reduction of intensity to a 
fraction of its initial value of i is given by the cour.se of the 
curve, the reduction of velocity by the short cross lines on the 
curve itself, each with a value of the velocity attached When 
the value of the ordinate becomes too small for convenient 
reading a fresli curve is started The diagrams cover all 
velocities from -99 c. to *255 c 

The curves have been copied from a publication of P. I-enard’s 
{QuantttaUves uber Kaihodenstrahlen alter Geschwindigkciten 
Heidelberger Akademie der Wissenschaften, 1918), which is 
not generally accessible in England Tliey are calculated from 
smoothed values of the absorption coefficient, and from smoothed 

d'U 

curves giving the value of -. The broken curves give the 

CLOO 

intensity as measured by the conductivity produced in air. 
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VELOCITY OF ELECTRON, EXPRESSED AS A FRACTION OF 
LIGHT VELOCITY, COMPARED WITH VELOCITY IN VOLTS. 


The following table is calculated from Einstein's formula for 
the kinetic energy of an electron : 


kinetic energy=«*oca (j^p- ^)=3oo 

where m# is the rest mass of the electron, c the velocity of light, 
jS the velocity of the electron expressed as a fraction of c, 
V the velocity in volts, and e the charge on the electron m 
electrostatic umts. The following values of the constants have 

been adopted ; e=4774x io-“ E.S.U., 


— =I- 76 oxIO’ E.M.U., 
Wo 

which gives j«o=9-042 x io“®® grams, 

c=3xio^® cm./sec. 

We then have 


7=5-ixxio.(^'^-i 


iS 

y 


r 

P 

y 

•005 

6 37 volts 

5 

79 I X 10* 

88 

5 65 X lO® 

•01 

25 55 

•55 

lOZ 0 

89 

6 xo 

•02 

102 2 

•6 

127 8 

•90 

6 62 

•03 

230 0 

65 

161-4 

91 

7 22 

■04 

409 

7 

204*6 

92 

7 93 

•05 

637 

75 

261*5 

•93 

879 

z 

2 56 X IO« 

•8 

341 

94 

9.86 

•15 

5 S4 

■81 

3*6i X 10® 

•95 

II 25 

•2 

10-54 

•82 

3*82 

•96 

13*10 

•25 

16 76 

•83 

405 

•97 

1591 

'3 

24-68 

■84 

4-31 

.98 

20-57 

•35 

34-5 

85 

4-59 

-99 

31*1 

•4 

46-5 

•86 

4*90 

•995 

46 0 

•45 

6 I '2 

•87 

5-25 

•998 

75 7 


730 



APPENDIX III 

ATOMIC NUMBERS OF THE ELEMENTS. 


Period I. 

1. Hydrogen. 

2. Helium. 

Period II. 

3. Lithium. 

4. Beryllium. 

5. Boron. 

6. Carbon. 

7. Nitrogen. 

8. Oxygen 

9. Fluorine. 

10. Neon. 

Period III. 

11. Sodium. 

13 . Magnesium. 

13. Aluminium. 

14. .Silicon 

15. Phosphorus. 

16. Sulphur. 

17. Chlonne. 

18. Argon. 

Period IV. 

19. Potassium. 

20. Calcium. 


21. Scandium. 

32 . Titanium. 

23. Vanadium. 

24. Chromium. 

25. Manganese. 

26. Iron. 

27. Cobalt. 

28. Nickel. 

29. Copper. 

30 Zinc. 

31. Gallium. 

32. Germanium. 
33 Arsenic. 

34. Selenium. 

35. Bromine. 

36. Krypton. 

Period V. 

37. Rubidium. 

38. Strontium. 

39. Yttrium. 

40. Zirconium. 

41. Niobium. 

42. Molybdenum. 

43. Masurium. 

44. Ruthenium. 

45. Rhodium. 
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46. Palladium. 

47. Silver. 

48. Cadmium. 

49. Indium. 

50. Tin. 

51. Antimony. 

52. Tellurium. 

53. Iodine. 

54. Xenon. 

Period VI. 

55. Caesium. 

56. Barium. 

57. Lanthanum. 

58. Cerium. 

59. Praseodjmiium* 

60. Neod5miiTma. 

61. Ilhiuum. 

62. Samarium. 

63. Europium. 

64. Gadohnium. 

65 Terbium. 

66. Dysprosium. 

67. Hohnium. 

68. Erbium. 

69. Thulium. 

70. Ytterbium. 

2Z 


ASA. 
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71. Lutecium. 

72. Hafnium. 

73. Tantalum. 

74. Tungsten. 

75. Rhenium. 

76. Osmium. 

77. Iridium. 

78. Platinum. 


79. Gold. 

80. Mercury. 
8r. Thallium. 

82. Lead. 

83. Bismuth. 

84. Polonium. 

85. — 

86. Radon. 


Period VII. 

87. 

88. Radium. 

89. Actinium. 

90. Thorium. 

91. Protoactinium. 

92. Uranium, 



APPENDIX IV 


VALUES OF CERTAIN CONSTANTS OF FUNDAMENTAL 
IMPORTANCE. 


Vdlocity of Light =c =2'9986xioi<> cm./sec. 

Electronic charge =e = (4774 ± -oos) x io-“ E.s.u. 

whence 

Energy of Electron falling 
through I Volt = (1*591 ± *002) x lo-^® gj-gg^ 


Electronic charge _ e 

Electroiuc mass ~mo 

whence 

Electromc mass =»»o 

Planck’s Constant =A 


Rydberg’s Constant : 

for Hydrogen =R,r 
for Hehum =R//. 

for infinitely heavy nucleus 

Avogadro’s Constant =N 

Loschmidt’s Number =n 

Kinetic Energy of Trans- 
lation of one Molecule 
at 0° C. =Eo 


=(1*760 ± *008) X lO'^ E.M.U. 

= (9-042 ± *009) X 10-*® grams. 
=(6*545 ± *009) X io~®’ erg sec, 

=109677 *70 ±*04, 

=109722 *14 ±-04, 

=109737*11 ± *06. 

= (6*062 ± *006) X 10®® mols. 
per gram-mol. 

= (2*705 ± *003) X 10^® mols. 
per c.c. 

= (5*621 ± *006) X 10-®* ergs. 


Mass of Hydrogen Atom =(i*662± *002) x lo"** grams. 
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TABLE OF ELECTRONIC BISTIU BUT EONS IN nj, QUANTUM 
ORBITS, AND BASIC SPECTRAL I'ERMS 

The following table is taken from a paper on Atomic States 
and Spectral Terms/' by J. C. McLennan, A. B. McLay, and 
H. G. Smith, which lias just been publislicd {ProccctUngs of tho 
Royal Society, 112 , 76, August 1926).* It shows the distribu- 
tion of the extra-nucloar electrons among tlie Uj, orbits originally 
contemplated by Bohr, — ^the subdivision of the 71^ sub-groups 
into grouplcts, invoked by Stoner and by Main Smith, being 
disregarded The authors refer to a paper by P. D Foote 
[Transactions of the Amoncan Institute of Mhiinff a 7 id Metal- 
lurgical Engmeers, No. 1547 D, p. i), which is not accessible to 
me, where the subdivision into grouplets is discussed. 

As regards the basic terms, the S, P, I), F, G. .terms 
correspond to values i, 2, 3, 4, 5 . . , for I (see Chapter XV.). 
The various possible values for; are given in the usual; position, 
the value of ; predicted to coricspond to the lowest term being 
printed in clarendon Thus for carbon, indicates that 
the basic term is a triplet P term, the values of; for llie three 
components being 0, i, 2, of which the teim is the lowest 
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h\lKA NuCIVAK I'lKlKUNlC CoNMOUSATIONS 



Element. 

At 

No 

Atomic 

Weight 

K 

L 

M 

N 

0 

V 

y 

liable 

Spectral 

fcim. 




U 

21 aa 

3 i 38 3 a 

h la ‘U It 

•51 5: 54 5i 5-i 

(ii ^>6 

7 i 7 a 7 a 


H 

I 

I'OOS 

I 








He 

2 

3 - 9 (j 

2 







‘So 

Li 

’3 

6 - 9 1 

2 

X 






‘Si 

Be 

4 

9-1 

2 

2 

1 






‘So 

B 

*) 

10 9 

2 

2 I 






•^12 

C 

6 

12 0 

2 

2 2 






•■P012 

N 

7 

14-01 

2 

^ 3 






‘S2 

0 

8 

t6-o 

2 

5 1 



i 



’-P 012 


724 
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TABLE I — {continued) 

H\‘ira>Nuclsa.r Blbctronic Configurations 



At 



Element. 

No 

Weight 

K 

L 





Xl 

2l 22 

3 l 


9 

lyo 

2 

^ 5 


Ne 

10 

20*2 

2 

2 6 


Na 

II 

23-0 

2 

2 6 

I 

Mg 

12 

24-32 

2 

2 6 

2 




33 74 

34 79 2 

35 79 92 

56 82 92 


37 85 45 

38 87 03 

39 69 o 

40 90 6 


41 93*5 

42 96 o 
I 43 

44 IOI -7 


2 0 2 6 10 2 3 

2 0 2 6 10 34 

2 6 2 6 10 2 5 

26 2 0 10 26 

26 2 6 10 26 

2 0^ 2 (> 10 26 

2626 10 26 I 
2626 10 26 2 

2O2610264 
2626 10 26 5 
26 26 10 26 6 

26 26 10 26 7 


*■^12346 

*■^12848 
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£ktra<Nucl&ar Electronic Conmgurations. 



At. 

No 

Atomic 

Weight 







Basic 

Element 

K 

L 

M 

N 

0 

p 

g 

Spectral 

Term. 





2i 2s 

3 i 3 s 33 

4 i 4 a 48 44 

5 i 53 53 54 56 

616263646668 

7 i 72 73 


Rh 

45 

1029 


1 

2 0 

2 0 10 

268 

1 


m 

‘■'’asi* 

Pd 

46 

io 6*7 


u 

2 6 

2 6 10 

2 6 10 





Ag 

47 

107*88 


2 

2 6 

2 6 10 

2 610 

I 




Cd 

48 

112*40 


2 

2 6 

2 6 10 

2 6 10 

2 


il 


In 

49 

114*8 


2 

2 6 

2 6 10 

2 6 10 

2 I 


B 


Sn 

50 

118*7 


2 

2 6 

2 6 10 

2 6 10 

2 2 



“-Poia 

Sb 

51 

120*2 


2 

2 6 

2 6 10 

2 6 10 

^ 3 


iB 

*52 

Te 

52 

127*5 


2 

2 6 

2 6 10 

2 6 10 

2 4 


B 

*^018 

I 

53 

126*92 



2 6 

2 6 10 

2 6 10 

2 5 


B 

»-Pl2 

Xe 

54 

130-32 



2 6 

2 6 10 

2 6 10 

2 6 



ISIH 

Cs 

55 

132*81 



2 6 

2 6 10 

2 6 10 

2 6 

I 



Ba 

56 

137-37 



2 6 

2 6 10 

2 6 10 

2 6 

2 

B 


La 

57 


■ 


2 6 

2 6 10 

2 6 10 


2 



Ce 

58 

140*25 

■ 


2 6 

2 6 10 

2 6 10 1 


2 


’^^466 

Pr 

59 


1, 


2 6 

2 6 10 

2 6 10 2 


2 


*^6789 ? 

Nd 

60 


1 


2 6 

2 6 10 

2 6 10 3 


2 


*^■^678910 

II 

61 



2 

2 6 

2 6 10 

2 6 10 4 


2 



Sm 

62 

150-4 


2 

2 6 

2 6 10 

2 6 10 5 

261 

2 


^• 8^46678910 

Eu 

63 

152*0 


2 

2 6 

2 6 10 

2 6 10 6 

261 

2 


*^23456789 

Gd 

64 

157-3 


2 

2 6 

2 6 10 

2 6 10 7 

261 

2 


*•^23456 

Tb 

65 

159-2 

1 

2 

2 6 

2 6 10 

2 6 10 8 

261 


im 

*^23466789 

Dy 

66 

162*5 

1 

2 

2 6 

2 6 10 

2 6 10 9 

261 



’^^45678910 

Ho 

67 

163-5 

1 

2 

2 6 

2 6 10 

2 6 10 10 

261 




Er 

68 

167-4 

! 

2 

2 6 

2 6 10 

2 0 10 11 

261 

2 


‘^^-678910 

Tm 

69 

168*5 

I 

2 

2 6 

2 6 10 

2 6 10 12 

261 

2 


*^^6789 

Yb 

70 

173-5 


2 

2 6 

2 6 10 

'2 0 10 13 

2 0 1 

2 


*^•^456 

Lu 

71 

175-0 


2 

2 6 

2 6 10 

2 6 10 14 

2 t> 1 

2 


'‘^23 

Hf 

72 

178*0 


2 

2 6 

2 6 10 

2 6 10 14 

262 

2 



Ta 

73 

i8i*5 


2 

2 6 

2 6 10 

2 6 10 14 

263 

2 


*^2346 

W 

74 

184*0 


2 

2 6 

2 6 10 

2 6 10 14 

264 

2 



Re 

75 



2 

2 6 

2 6 10 

2 6 10 14 

265 

2 . 


‘5s 

Re 

75 



2 

2 6 

2 6 10 

2 6 10 14 

266 

1 


*■^12345 

Os 

76 

190*9 


2 

2 6 

2 6 10 

2 6 10 14 

266 

2 


‘•^01234 

Os 

76 



2 

2 6 

2 6 10 

2 6 10 14 

267 

1 


‘^12348 

Ir 

77 

193*1 


2 

2 6 

2 6 10 

2 6 10 14 

267 

2 


*-^ 234 # 

Ir 

77 



2 

2 6 

2 6 10 

2 6 10 14 

268 

1 


*■*^2846 

Pt 

78 

195*2 


2 

2 6 

2 6 10 

2 6 10 14 

268 

2 


’^■934 

Pt 

78 



2 

2 6 

2 6 10 

2 0 10 14 

269 

I 


’-Di 28 

Pt 

78 



2 

2 6 

2 6 10 

2 6 10 14 

2 6 10 



‘ 5 o 

An 

79 

197-S 


2 

2 6 

2 6 10 

2 61014 

2 610 

1 


* 5 x 

Hg 

80 

200-6 


2 

2 6 

2 6 10 

2 6 10 14 

2 610 

2 


^ 5 o 
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Extra-Nuci.baii Elbctronic Configurations. 

Basic 

Element. 

At* 

No 

Weight 

K 

ii 

L 

2i 2a 

M 

3i 3s 33 

N 

4i 4a 43 4* 

0 P 

5i 5a 53 54 Ss ^a 63 63 65 63 

Q 

7in7i 

Spectral 

Term. 
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discovery of, 480, 481 
Elastic impact 
see impact 
Electrons 

distnbution of, in different orbits, 
tabulated, 476 

distnbution of, in atom, without 
quantum theory, X32 
elastic impact of, 42, Chapter XXI 
passim, 

mass of, from spectral data, 197 
size of, 705 
Ellett 

resonance radiation, 338 
reference, 366 
Ellis 

rays exated by y rays, 59, 381, 
382 

yS ray spectrum of radium B and C, 
62, 65 

energy levels m nucleus, 63, 157 
focussing ot fi rays, 112 
hardest y ray, 5 ^ 
internal conversion, 69 
mechanism ol radioactive change, 
67 ct seq 

notation lor levels, Oo 
nuclear y rays, et seq , 63 ct seq, 
references, 72 
EMELfiUS 

13 particles from radium E, 60 
lofercncc, 72 
Energy 

and close ]>acking ol protons, 159 
et seq 
Epstein 

magneton and solutions, (>15 
Stark effect, theory of, 2(><) 
references, 268, 631 
Evans 

spectrum of ionised heliuin, 1 yo 
Eve 

softemng of y rays by scatteiiiig, 
691 

Excited state 
duration of, 3x3 et seq. 

Excitation potentials 
meanmg of, 325 
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Excitation potentials (cant*) 
electrical methods of investigating, 
326 ei seq, 

optical methods of investigating, 
33C ei seq, 

and temperature, 341 et seq, 

Eaury 

element of mass 3, 90 
hne structure of hydrogen linos, 235 
Fa JANS 

instability rules, 150 el seq, 
atomic diaiuotors, 457 
refcn‘iic<^ x(>2 
b\»rromagnetisni 
Weiss theory, of, 5<)5 el seq. 
above ('urib i)omt, 005 
Fine stiucture 
of K absoiptum edge, 383 
of lines m optical siiectra, 17S, 230 
H svq. 

by method oi perturbation, 2^3 
H seq 

coiistant, 2)|. 

I^'ish tracks 

()f(' T K. Wilson, 0() 5 
Flame 

siiectiii in, ^2 

h'l OKANLh 

soUening ol y lays by scattciing, 

()9i 

I^'lCrsciiivIM 

v.ileiii y problem, U ^5 
J^'oLiissmg metliods 

lor ])ositive ia\s, 1 12 et seq 
h'OKX 

paiaiiMgiu'iism oL pkitmum and 
]>aUadmm, 500 

paraiimgncdism and tciiipcraturo, 
pamnuignetisni ol slioiig solutions, 

50(>, ()i ^ 

ieferenet‘, 0^1 
h'oo 1 1*. 

ciitical ixdenti.ils, ^oy, 320, ^^8, 
•toy 

liiii‘s tind selection ])nnciple, 298 
leftTenci's, 212, ^21, jOi 

h’OK'l RA'I 

absoiptioii lines of sodium vapour, 
)()() 

reference, 322 
Fowler, A. 

fundamental series, 1C9 
O series, 298 


Fowler, A. (cont.) 
notation in series spectra, 165, 174, 
177, 277, 282, 303, 443 
Rydberg's constant for ionised 
helium, 197 

spectral senes of lomsed helium, 
I79i 195 

spectroscopic displacement law, 436 
spectrum of Siiv, 169, 417 
spectrum of €„, Sin, 462 
spectrum of Nn, 494 
references, 163, 213, 321, 322 
Fowler, R H. 
complex spectra, 578 
summation rules for intensities, 544 
temperature ionisation, 344, 349 
el seq , 356, 357 

references, 124, 281, 365, 366, 581 
Franck 

critical potentials, 309, 327, 329, 
3^5, 337. 339. 34^ 

critical potentials, partial current 
method, 330 et seq. 
electrons, behaviour of slow, 37, 42 
clastic impact, 334 
lUine spectra, 342 
helium, mctastable state of, 31 8, 449 
helium, ionisation potential of, 450 
hydrogen, dissociation of molecular, 
36^, 6^2 

one-line spectrum, 337 
resonance radiation, 358, 360 
sensitised lliioicscence, 362 et seq 
lelerenccs, ]6, 32 364, 365, 36G 

h'RKKIClIS 

intensities 111 luultiplcts, 542 

F Kit KL 

lefeicntc, 422 
FOCIH BAULK 

o])tical excitation of mercury spec- 
tium, 310, 311 
re lei dice, 322 
h'ujis 

quantitative work on central orbits, 
286 et •?£'(/ 
leferenccs, 322 

y rays 

connection with fi rays, 56 et seq , 
65 et seq. 
hardest, 53 

nuclear, 57 et seq , 63 et seq 
spectrum of, 56 et seq 
spectrum of, compared with X ray 
spectra, 57 
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Gadolin 
gadolinium, 477 
Gassendi 
speculations of, 1 
Gehrckb 

anode rays, 105, 106, iii 
fine structure of hydrogen Imes, 
235. 236 
references, 123 
Geiger 

counts of a particles, 48 
half value period, and range of a 
particle, 55, 154 

range and velocity of a particle, 13 
scattering of a particles, 19, 23 
scattering of ^ particles, 31 seq, 
test of h3^othesis of Bohr, 
Kramers, and Slater, 698 et seq. 
references, 45, 72, 701 
Gerlach 

atomic rays and magnetism, 560, 
582, 584, 619 et seq 
magneton and solutions, 615 
reference, 619, 631 
Gieseler 

complex spectra, 434, 505 
Goethe 

judicious use of words, 634 
Goldstein 
rays, 105 

Grwndspekinm, 446 
Gotze 

primed terms, 562 
negative terms, 563 
references, 163 
Goucher 

critical potentials, 327, 335 
reference, 365 
Goudsmit 

spinning electron, 555, 712 
Gray 

softening of y rays by scattenng, 
691 
Grimm 

atomic diameters, 457 
chemical properties and atomic 
structure, 493, 494, 658 
chemical combmation, 714 
reference, 500 
Grotrian 

absorption spectra, 312 
spectrum of neon, 388, 566 
spectral diagram, 175 
spectrum of lead, 494 
references, 423 


Grouplets 
definition of, 487 
Gfimdspehtrum 
of alkali metals, 446 
Gurney 

fi particles from radium B and C, 66 
reference, 72 
Gyromagnetic effect 
see magnetomechanical effect 

Hafnium 

atomic weight of, 478 
controversy, 477 et seq. 
discovery of, 478 
Hahn 

extranuclear origin of some ^ rays, 
53 

reference, 72 
Half value period 

of radioactive elements, and velo- 
city of a particle, 54 et seq. 
Hamilton 

mechanics of, 216 et seq 
Hammer 

scmtillations with canal rays, 105 
Hansen 

selection pnnciple, 298 
reference, 322 
Harkins 

relative abundance of cleinenib, 

141, 145 

separation of isotopes, 119 
references, 161 
Harris 

discovery of illinium, 481 
reference, 500 
Hartmann 

continuous absorption in hydrogen, 
306 

Hartree 

complex spectra, 578 
quantitative work on central orbits, 
286, 287, 2QO et seq , ^57 
reflexion oJt X rays, 137 
references, 138, 322 
Hausser 

eka-manganeses, ^80 
Hector 

diamagnetism of inert gases, 588 
reference, 630 
Heisenberg 
branching rule, 552 
duplicity scheme, 512, 546 et seq 
intensities m Zeeman pattern, 518 
model of helium atom, 453 
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Heisenberg ( cont ,) 

new ciuantuni mechanics, 510, 539, 
711 

polarisation of core, 202 
selection rule for two-elcctron 
jiuups, 37^ 

valence electrons and optical spec- 
tra, 552, 570 
references, 5H0, 701, 715 
lleliuiu 

artificial production of, 406 
atom, model of, 4^7 ct sff(/ 
compounds of, ^20 
lino structure in spectrum ol 
ionised, 178, 2^8, 2^9 
metastable state ol, 318 el seq 
molecules, 445 
nucleus, stiucture of, 47 
leleasc ol energy in formation of, 
150, I()0 

s])eetiuni ol ionised, i7<), n)0 
spectrum ol neutral, i 70 
value oi \< lor, 197 et seq , 723 
tlENOERSON 

one line s])e( tra, 3^7 
IfbRI/, Cm 

cutical potentials, ^00, 327, ^^3, ^^7 
critical iiotentiiils, partial current 
method, ^ ^o <7 seq 
critual poteiituils, new methods, 
vt seq 

critical iiotenthils ol n(*on, ^^5 
elastic impa( 1, i i t 
(‘lections, l)<‘liavioin ol slow, ^7, 42 
niet«istal)l(‘ sl.ite, ^20 
one line spec I r mil, 
sueening cloubh'ls, ',(>2 
iel(»iences, 40, j()|, |22 

HKK/I' ELI) 

,itomi(‘ diaiiieleis, 157 
1 leleiojioKu compounds 

contiasted with homceopolai coiu- 
poimds, 0 ^0 
IlEVI^ SY 

haliiium, (liM'ovei V ol, 178 
Imlniimi, ( onl<‘iit ol minei,ils, \qi} 
s( p.iiatioii ol mere 111 y isotopes, I2r 
releiences, i2p 500 
llhYKOVSKY 

isolation ol ilieniiim, 180 
refeience, 500 

IlK KS 

allotment ol (piantiim niimbcns, 517 
mteivals in multiplcts, 51.0 
seiJcs loniiula, 17X 

A,S A. 3 


Hjalmar 

screening constant from L doublet, 

391 

M series in X ray spectrum, 368 
X ray lines, first appearance of, 486 
reference, 422 
HdjENDAHL 

conductivity and atomic structure, 
662, 663 
reference, 664 
Holst 

retcrcncc, 475 
Holtsmark 

continuous absorption in sodium 
vapour, 306, 384 
critical potentials, 406 
Holweck 

absorption in extreme ultra-violet, 

405 

critical potentials, 407 
leference, 423 
Homceopolar coin])ounds 

contrasted with heteropolar com- 
pounds, 636 
Honda 

specific susceptibilities, 582 
paramagnetism ol solid salts, 596, 
604, 614 
HoNI Cf SCHMID 1 

atomic weight ol mercuiy, 122 
Honl 

intensities in multiplcts, 544 
re lei dice, >580 
Hopkins 

distoveiy ol illinium, 481 
ic‘ld(‘in.e, 500 
IlOKlON 

tntic.il ])C)t(*nlicils, |o(), |o8 
lonis.ition jiolentuil ol lielium, 450 

lelCKMllPS, j 2 ^ 

I lousiouN 

HvnBM<a’s ccmsl.int, i()G 
line stiucture ol hydrogen lines, 2 
Hoyi 

X ray excitation potentials, 381, 

p/) 

lelcience, 422 
lluc;iiKs 

critical ])otentials, 406 
highei terms, appearance of, 195 
references, 21 364 

JlUND 

absoqition of slow electrons, 44 
complex spectra, 569, 575 
ionic radius, 457 
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Hund (coni ) 

jtx scheme for potassium-kr3rpton 
period, 468, 617 

paramagmetism of rare earths, 61 1, 
618, 619 

valence electrons and optical 
spectra, 552 
references, 559, 580, 631 
Hydrogen 

atom, in chemical compounds, 650 
Bohr's theory of spectrum of, 
190 et seq 

fine structure in spectral lines of, 

178. 235 m 

long-range particules from, 77, 80 
et seq 

molecule, charge on, no 
molecule, heat of dissociation of, 
632 

molecule, model of, 632 
nucleus (see proton) 
orbits, size of, 194 
reversal of lines, 307 
spectral series ot, 165 et seq, 
triatomic, 104, no 
Hydrogen-like atoms 
theory of spectrum of, 190 

Illinium 

discovery of, 481 
Impact 

elastic, of electrons, 43, 324, 334 
inelastic, of electrons, 325 
of first and second kind, 35G ei seq 
Inelastic impact 
see impact 
Inert gases 

absorbing cross section of, 44 
place m periodic scheme, 4 ^ 5 seq 
Tngold 

valency problem, 635 
Inner quantum number 
see quantum numbers 
Inseparable radioactive elements, 
existence of, 50 

Instability ‘ 

of nucleus, 140 et seq , 150 et seq 
Intensities 

of multiplet lines, 540 et seq 
Intervals 

for multiplets, 540 
Ionisation 

at various pressures and tempera- 
tures, 346 
diagram of, 351 


Ionisation potential 
meaning of, 325 
Irbton 

two-line spectra, 337 
ISHIWARA 

paramagnetism of solid salts, 596, 
604, 614 

ISKARDI 

heat of dissociation of hydrogen 
molecule, 632 
Isobares 
definition of, 151 
occurrence of, 132 
Isohelium 

hypothetical nature of, 146, 147 
Isotopes 

and mass spectra, xi6 seq 
of neon, no 
radioactive, 50 et seq 
separation of, 119 et seq, 
table of, 120 

J phenomenon 
nature of, 368, 369 
Jacobi 

separation of variables, 220 
James 

intensity of reflexion of X rays, 126 
reference, 138 
Janicki 

fine structure of hydrogen lines, 236 
Jaitncey 

Compton effect, 693 
Jeans 

wave theory and quantum theory, 
065, 067 
reference, 700 
Jevons 

photograph of calcium triplet, 505 
JOII\NSON 

senes formula, 1 71 
joos 

lesonanee nuliation, -^58 
did magnetism of solutions, ^tSS 
reicrence, (>^0 
Jordan 

new quantum mechanics, 510, 5^1, 
711 

reference, 715 

K absorption edge 
contrasted with L edge, 380 
fine structure of, 383 
K senes 

Barkla's discovery of, 127, 368 



INDEX 


789 


K senes (cont,) 

general discussion of, 371 et seq.^ 
Chapter XIII. passim, 
Moseley's work on, 1-^7, 129 
Kallman 
roXcroncc, 70 t 
Kamerlingh Onnks 
luagncbic nicahiircnicnts at low 
temperature, 605 
rcfcionce, (>30 
Kang Fun Ilu 

secondary cori>uscular ladiation, 
382 

Kannenstink 

life of metastable hehuin, 32 1 
Kapitza 

strong magnetic liolds, 525 
Kayser 

Kayskr and Runc.k’s lulc, \i(i 
Kemrlk 

model of Jiclmin atom, ^/|9, ^50 
reference, 500 
Kenotron 

use of by As ion, 118 
Kent 

measurements ol Pasciien-Hack 
eifect, *530 
reference, 581 
Kepler 

attiibution of souls to ])laaeis, 186 
Kepler ellipse 

treatment ol by Hour and by 
SOMMERPELO, 228 ct Seif 
Kernel 
atomic, 270 
Kiiask.ik 

I phenomenon, ^08 
Kiess 

C()nn)le>i sp(‘ctia, 1^1,505 
rates ultinics, \ | ^ 
rclcrence, 499 
KlLCIILlNG 

])aiabola iiudhod with positive ui\s, 

lot) 

King 

liirnat e spec Ira, 312 
reference, ^<>5 
KlRSCIl 

long liingc ])roloiis lioni light 
elements, <>8 
lelerente, lo^ 

Kl EIN 

impacts ol hrst and second kind, 

«£>. J*" 

rclercncc, 3(>6 


Kloppers 

critical potentials, 334 
reference, 365 
Knipping 

metastable state of helium, 318, 319 
heat of dissociation of hydrogen 
molecule, 632 

ionisation potential of helium, 450 
reference, 323, 365 
Koiilweiler 
reference, ib2 
Konen 

spark spectrum of alkali metals, 446 
K6NIGSBERGER 

changes of charge with positive 
rays, 107 

parabola method with positive 
rays, T09 
reference, 123 
Kossel 

line structure of X ray absorption 
edge, ^83 

formation of complex compounds, 
638 ct seq 

magnetic susceptibility oi metallic 
ions, et seq 

relation of optical to X ray spectra, 
40^ et seq 

spectroscopic dis])laccincnt rule, 
418, 419, 435, 4^() 
structure of atom, 184 
v«ilcncy theory, 4 ^o, 0 et seq 
X lay s])cctrum, 12O, 372 
relcreiiccs, .^5, i()2, 422, 499, O^o, 
(>()^ 

Ki<AMI‘KS 

dicigiaius ol oibils, .^75 
dispersion formula, (>80 ct seq , 713 
helium atom, iiu>del ol, /j^o 
intensities in Si ark ellect, 2()'5 
(piantiim theory ol ladiatum (clis- 
])ersion), 077, 682 vt seq 
leleiences, 2()8, 475, 500, 701 

KRONUr 

intensities m mulliiilots, 5^4 
reference, 580 
Kruger 

heat oi dissociation ol h>diogen 
molecule, b^2 
Kuri II 

critical ])otentiaLs, 400 
Kuisciiewski 

changes ol chaige with positive 
rays, 107 
icfercncc, 123 
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L absorption edge 
triple nature of, 380, 383, 395 
j&ne structure of, 384 
Ladenburg 

atomic volume curve, 432 
mtermediate shells, 465 
quantum theory of dispersion, 679 
et saq 

reversal of Balmer lines, 307 
sacred eight, 447 
reference, 499, 700 
L doublet 

. of X ray spectra, 386 at saq, 

L senes 

Barkla*s discovery of, 127 
Moseley's work on, 127, 129 
general discussion of, 371 at seq.t 
Chapter XIII passim 
Land6 

branching rule, 552 

cohesion and compressibility, 651, 

654 

inclination hypothesis, 539, 547 
intervals in multiplets, 539 at saq 
optical and X ray spectra, relation 
between, 41 1 

Paschejst-Back effect, 523 at saq 
quantum numbers for multiplets, 
510 at saq 

quantum numbers for Zeeman 
effect, 519 

spectral notation, 304 
spectrum of neon, 567 
splitting factor, formula for, 521, 
538 

references, 267, 423, 579, 580, 664 
Lang 

measurements in extreme ultra- 
violet, 403 
Langevin 

electron theory of paramagnetism, 
591 at saq , 597 
reference, 629 
Langmuir 

dissociation of hydrogen molecule, 
364, 632 

electron sharing, 496 
octet theory of valency, 643 at saq 
octets in atomic structure, 643 
postulates of, for atomic structure, 
641 et saq 

static atom model, general, 8, 136, 
137, 184, 641, 713 
static atom and spectral series, 

651 


Langmuir (conL) 

structure of nitrogen molecule, 649 
types of valency, 647 
references, 664 
Laporte 

complex spectra, 434, 505, 571 
I selection rule, 573 
raias ultimas, 343 
reference, 581 
Lapworth 
valency problem, 635 
Larmor 

theorem on effect of magnetic field, 
250 

Lau 

fine structure of hydrogen lines, 

235. 236 
Lead 

isotopes of, 51, 56 
Ledoux-Lebard 
reference, 422 
Lbnard, P. 

absorption of cathode rays, 14 
saq , 716 

criticism of scattering results, 24 
dynamids, 4, 5, 13, 16, 17 
ionisation potentials, 326 at saq , 
702 

light emission, mechanism of, 313 
lines of sodium spectrum, 298 
mass- absorption law, 15 
Ruckdiffusion, 31 
references, 44, 45, 364 
Lenz 

theory of magnetism, 601 
Lewis 

electron sharing, 496 
static atom model, general, 8, 136, 
184, 641, 713 

octets in atomic structure, 643 
octet theory of valency, O46 et seq 
deformation of cubic structure, 649 
reference, 60 ^ 

Life of excited state 

see excited state, duration of 
Light elements 

rupture of nuclei of, 94 at saq, 
scattering by, 28, 153 
Lindemann 

electrical conductivity and atomic 
structure, 662, 663 
life of radioactive substance and 
range of a rays. 55 
mechanism of nucleus, 55, 154 
references, 71, 664 
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Lindh 

chemical cuiubmation and X ray 
spectra, 385 
Lithos])here 

composition of, 143, 144 
Lockyjbr 

notation in h]>ccira, i6<) 

Lougk 

speculalions on atomic structure, 3 
Lokia 

reversal of Hal.mkr lines, 307 
LoitKNTZ 

absor]>tioii of light m gases, 674 
adiabatic invariance, io<) 
dam]>ing clue to radiation, 674 
dispersion fonmila, 672 
exidanation ol Zc'ciuaii effect, 3, 
a4<h ■2*54 

wave theory «in<l <iuantuin theory, 

()()5 

references, (>71, 700 
Lori NO 

discovery ol new elements, 481 
Lo Buudo 
Stark effect, 255 
Lowry 

general valency ]iroblem, 6^5 
hydrogen atom in chemical com- 
]><)iinds, 050 
sharing ol duplets, (>50 
releieiice, ()()| 

Lyman 

mc*t«istable slate, ^20 

shorU»st W 4 ive length measured l)\, 

S])ectral sei les ol hydiogen, i() 7 , H)^ 
spcciial senes ol ionised heliuiii, 1 7<) 
s])c'ctral seiies ol iKMitial helium, 
iio, iStJ 

M absoiption edge 

multiph* miture ol, ^81, ^8^, ^05 
line struL tine ol, ^8| 

IVI senes 

general discussion ol, ^71 et he(f , 
C'hapterXIIl passim, 

McAulay 

behaviour ol long-iange ])r()tonb, 86 
leferenccs, 10 ^ 

Mackay 

ionisation jxitcntial of helium, 450 
Me Lay 

distribution of electrons among 
levels, 475, 494. 724 
spectrum of gold, 471 


McLennan 

absorption lines in non-luminous 
vapour, 306 
critical potentials, 406 
distribution of electrons among 
levels, 475, 494, 724 
fine structure of hydrogen lines, 235 
one line spectra and two line 
spectra, 337 
sjicctrum of gold, 471 
spectrum of silicon, 494 
MacMahon 

New Mathematical Pastimes, 8 
Madelung 

electrical field of lattice, 653 
Magnctonicchamcal effect 
theory of, 597 
expenments on, 598 ei $eq 
Magnetism 

electron theory of. Chapter XVI 
passim 
Magneton 

meaning of, 603 
meaiiurcment of, 603 et seq. 

Bohr's value lor, 606 et seq 
Pauli's calculation, 607 et seq 
and space (quantisation, 624 
determination of, from atomic rays, 
624 

Main Smith 
co-ordination, 4(^8 
CO- valency, 650 

distribution ol elections among 
levels, 4 75, 487 et seq , 646, 707, 71 3 
valency electrons, 491 
references, 4(^9, 500 
Manlky 

mercury lielulc, 520 
Mark 

reference, 701 
Marignac 

ytterbium, 477 
Marsdrn 

scattering ol a qiarticlcs, i<j, 23 
Marx 

retcrence, 137 
Mass-absar])lioii law 
lor cathode rays, 15 
Mass delect 
in nucleus, 159 
Mass ravs 

suggested as nomenclature, 105 
Mass spectrograph 

principles and construction, 114 
et seq 
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Mass 5 

element of, 88 
Masurium 

discovery of, 480 
Mayer 

floating magnets, 4 
Meggers 

complex spectra, 434, 505 
cntical potentials, 309, 329, 338 
lines and selection principle, 298 
m%es 343 

reference, 499 
Meissner 

metastable state, 320, 321 
spectra of inert gases, 494 
reference, 323 
Meitner 

connection between y rays and 
fi rays, 63 et seq, 
extranuclear ongin of /3 rays, 53 
mechanism of radioactive change, 
67 et seq 

model for radioactive nuclei, 148, 

150. 159 

references, 72, 161 
Mendel6eff 
periodic table, 3 
eka-manganeses, 480 
Mercury 

atomic weight, 122 
cntical potentials of, 309, 327, 332, 
335 , 339 

energy levels in spectrum of, 308 
et seq 

excitation of spectrum of, 309 et seq 
separation of isotopes ol, 12 1, 122 
Mercier 

scattering of jS particles, 32 
reference, 46 
Metastable state 
nature of, 317 et seq 
duration of, 320, 321 
Metcalfe 

optical absorption of mercury 
vapour, 309, 310 
reference, 322 
Meteontes 

composition of, 143, 144 
Meyer, St 

paramagnetism of rare earths, 6x8 
reference, 631 
Michelson 

fine structure of hydrogen lines, 235 
mterferometer on Hooker tele- 
scope, 666 


Mie 

decay of light omission, 315 
Millikan 

connection of optical and X ray 
spectra, et seq 
helium, artificial production of, ^06 
ionisation by a particle, 453 
measurements in extreme ultra- 
violet, 403, et seq, 
optical doublets, relativity and 
screening, 418 et seq, 
spectroscopic displacement law, /| 36 
stripped atoms, 417 
two-electron ]umps, 365 
references, 423, 424, 500 
Milne 

duration of excited state, 316, 317 
radiation pressure, 317, 348 
temperature ionisation, 344, 349 
et seq., 356, 357 
references, 323, 365 
Missing elements 

results of search for, 475 et seq, 
Mohler 

lines and selection pnnciplc, 298 
critical potentials, 309, 329, 338, 
407 

references, 212, 321, 364 
Moles 

paramagnetism of dissolved salts, 
603 
Moll 

measurement of spectral intensities, 

541 

Moseley 
celtium, 477 
graphs, 375, 376 
law of, 129, 370, 371 
X ray spectra, 6, 125 et seq , 367, 
702 

rclercnces, 138 
Muller 

CoMPiON ellect, (n)2 
Multiplet terms 

properties of, 177, ( haptei XV 
passim 

N series 

discovery of, 368 
Nagaoka 
nuclear atom, 6 
Neon 

metastable state, 320, 321 
critical potentials, 335 
spectrum of, et seq , 573 
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Njbrnst 

reaction isobar, ,544 
chenucal cc^nsiani, 344 
reference, 345 
NlfiU 13 UKr,KR 

structiiro of nucleus, 1^7 
New (luantum nieclianics 
see (iuaniuiu 
Nicwlands 
poi iodic law, 3 
Nkwman 

line by line (‘xcitation, 3 
Nicholson 
senes lonuula, 171 
Nishina 

higher hovels in att)inic hinicture, 
480 

lefeience, 49<) 

Nitrogen 

ruptinc <)l nucleus, <ji tit 
iccoil atoms ol, 91 
Noddac n 

ekci-manganeses, 480 
rcleieiice, 500 
Normal levels 

X ray, meaning ol, .^02 
Notations 

geneial siiectial, 302 et seq, 
table ol, ^o| 

Nuclear y rays 
table ol, 71 
Nucleus 

i liaige ol, 2() ft svq , 
i onstilulion ol, i p> rt srq 
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